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Abstract 
Background: Soil transmitted helminths (STH) infections caused by roundworm (Ascaris 
lumbricoides), whipworm (Trichuris trichiura) and hookworms (Necator americanus and 
Ancylostoma duodenale), infect up to 1.8 billion people globally with 4.2 billion people thought to 
be at high risk of infection. Populations at high risk of STH infection commonly live in 
communities with poor hygiene and sanitation. Morbidity associated with helminth infections 
include abdominal pain, diarrhoea, protein loss, anaemia and physical and cognitive growth delays. 
Control efforts for STH infections in endemic regions are based on mass drug administration 
(MDA) at a community or school level. Health education programmes promoting enhanced 
sanitation and hygiene have also been delivered along with MDA to help sustain the long-term 
impact of these programmes. Mapping the prevalence of STH infections allows better targeting of 
integrated interventions by identifying populations most at risk of infection and related morbidities. 
To date, only a handful of studies have chosen to conduct spatiotemporal analysis of helminth 
infections. More so, no study to date has examined the spatiotemporal relationships of infection 
prevalence and co-morbidities associated with STH infections, mainly anaemia, and none have 
conducted such a study on an 8-year MDA programme.  
Aims: Using data from the MDA program in Burundi the program of research that is part of this 
Thesis aimed to: a) quantify the spatiotemporal variation in the distribution of STH prevalence, 
intensity of infection and co-infection; and b) understand the contribution of STH endemicity in the 
spatiotemporal variation in the distribution of morbidity indicators, anaemia prevalence and severity.  
Methods: Literature was systematically reviewed with the aim of understanding the socioeconomic 
and pathophysiological pathways in which STH infections affect a child’s physical and cognitive 
development. I analysed individual level data collected during the nationwide monitoring and 
evaluation exercises part of STH MDA programme in Burundi between 2007 and 2014. These data 
included annual assessment of STH infection as measured by the presence of parasitic eggs, blood 
haemoglobin concentration and anthropometric measurements at 31 schools.  Generalized linear 
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models were used to quantify risk factors for the prevalence of STH infections (i.e. prevalence of STH 
infections, intensity of STH infections and prevalence of STH co-infections) and associated morbidity 
(i.e. haemoglobin concentration and prevalence of anaemia). Assessment of spatial variation in 
observed and residual rates of STH infection indicators and associated-morbidity over time was 
conducted using semivariograms. Geospatial modelling using model-based geostatistics was conducted 
to develop annual predictive prevalence maps of STH and anaemia as well as annual predictive maps 
of the number of children at risk of STH infections and anaemia in Burundi. 
Results: My critical review of literature on the pathophysiological and socio-economic impacts of 
STH infections on a child’s development highlighted that childhood poverty. Furthermore, my review 
highlighted that water and sanitation hygiene (WASH) of at risk communities need to be addressed in 
order to effectively disrupt the vicious cycle of STH reinfection. Using data on STH presence/absence, 
child age, gender and treatment location from Burundi (Chapter 5) I found that prevalence of infection 
with any STH was significantly reduced between baseline and 2011. Furthermore, this study 
demonstrated that prevalence of pooled STH infections in 2014 was significantly below prevalence in 
2007, between 2011 and 2014 prevalence of STH infection remained relatively stable. Evaluation of 
spatiotemporal variation in STH infections (Chapter 6) showed that that the reduction in prevalence 
was small for Ascaris lumbricoides and Trichuris trichiura in the centre and central north of the 
country. Predictive prevalence maps for hookworm indicated a reduction in prevalence along the 
periphery of the country. The predicted number of children infected with any STH species decreased 
substantially between 2007 and 2011, but in 2014 there was an increase in the predicted number of 
children infected with A. lumbricoides and T. trichiura. My analysis of the spatiotemporal variation in 
haemoglobin concentration from 2008 to 2011 (Chapter 7) indicated that despite substantial effort in 
morbidity reduction programmes, such as the STH MDA programme implemented by the national 
Ministry of Health (MOH), the risk of anaemia in school aged boys remained high, and in fact 
increased in certain parts of the country. Furthermore, this chapter found a strong statistical association 
between the presence of A. lumbricoides, T. trichiura and the prevalence of anaemia. Finally, this 
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chapter found that STH MDA programmes alone were insufficient to treat STH related morbidities and 
recommended integrated interventions for STH and STH related morbidities. 
Conclusions: In this Thesis, I present a series of spatiotemporal epidemiological studies into STH 
infection and anaemia in Burundian school-aged children, which identify locations and communities 
requiring further attention. This body of research demonstrated that the MDA programme in Burundi 
from 2007 to 2014, was successful at reducing the burden of STH infections and anaemia but there 
remain important operational gaps that need attention. My results suggest that in particular parts of the 
country the current STH MDA programmes could benefit from integration with WASH and health 
education interventions which would allow for greater longer-term impacts of said interventions.   
Using the spatiotemporal predictive maps generated in this Thesis can help guide, inform and enhance 
planning and implementation of STH and anaemia interventions in Burundi. 
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CHAPTER 1: INTRODUCTION 
1.1. Background 
 
Soil-transmitted helminths (Ascaris lumbricoides, Trichuris trichiura, Ancylostoma 
duodenale and Necator americanus) affect approximately 1.6 billion people per year, with 
another 5 billion at risk of infection (6-8). Helminth infections are responsible for 5.2 million 
disability-adjusted life years (DALY’s) lost globally due to their major contribution to 
morbidity in children. This includes iron deficiency anaemia (9-14), under nutrition (9, 12, 
15-19) and poor growth development (9, 17, 18, 20, 21), thus impacting on the overall health 
and wellbeing of infected children (22). All studies indicate that the negative health outcomes 
of STH infections are exacerbated by poor nutrition, and deficient sanitation and hygiene 
practices (1, 16, 23-25) in communities where helminthiases are endemic (8, 9, 25-27).  
 
Public health control efforts for helminth infections have been directed towards regular district 
based national mass drug administration (MDA), following World Health Organization (WHO) 
guidelines for the delivery of preventive chemotherapy (PC) (28). As part of MDA programs, 
anthelmintics are delivered to at-risk groups such as school aged children, pregnant mothers and 
some at risk adult populations (farmers and people exposed to contaminated soil) using schools 
and the community as delivery platforms. Although the PC strategy is very effective at reducing 
worm burden (prevalence and intensity of infection) and associated morbidities, MDA 
programmes alone have been shown to be insufficient in effectively interrupting transmission 
and spread of helminth infections, or lead to their elimination (2, 4, 24). This is mainly because 
the STH infection/transmission cycle is not disrupted with an MDA programme alone. STH 
parasites rely on poor sanitation and hygiene practices for survival. As such health education, 
water and sanitation and hygiene (WASH) have also been identified as key strategies in the 
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prevention and control of helminthiases (1, 5, 29). This is mainly because health education and 
WASH practices may help to interrupt the reinfection cycle by eliminating the presence of eggs 
and larvae in exposed soil, whilst preventing the familial contamination cycle by improving 
hand-washing practices, especially in food production and preparation (29-32). This evidence 
suggests that an integrated approach is required to potentially eliminate STH infections. The 
efficacy of an MDA programme on the spatial and temporal distribution of STH infections and 
their associated co-morbidities have yet to be examined and can provide essential insight into re-
infection paradigms after intervention, as well as provide programme managers with a novel tool 
to assist with their ongoing planning and logistics. MDA programmes may be sufficient as they 
reduce both the prevalence and intensity of infection and it is assumed that the occurrence and 
severity of disease sequelae are in proportion to worm burden. However, the nature of the true 
relationship between infection and disease in helminthiases in general and STH infections in 
particular remains poorly understood (33). STH infections are also suspected to cause 
synergistic and antagonistic effects which is correlated to intensity of infection (34). 
 
Several methodologies have been used to help programme managers to make decisions 
regarding the logistical and operational planning of the STH intervention programme. One 
such method is mapping and spatial modelling. Spatial epidemiological methods and 
mapping of risk factors and distribution of infection have become increasingly popular for 
analysing and assessing the spatial distribution of helminth intensity and prevalence of 
infections at different spatial extents, e.g. sub-national and regional (35-37). Spatial 
modelling is conducted in an attempt to fill a logistical problem, it is not possible to travel to 
all communities and establish their levels of endemicity. As such we map a sample and use 
models to obtain estimates at unsampled locations. This then allows for decisions to be 
informed by plausible estimates of predicted endemicity. Spatiotemporal modelling as a 
28 
 
result of an ongoing MDA programme allows for an annual review of the changes in 
infection distribution, thus providing programme managers with a useful tool to track trends 
in infection distribution patterns and adjust their programmes accordingly.  
 
Analyses of spatial patterns of infection prevalence quantify the role of various 
environmental variables such as land surface temperature (34, 38-41), normalised difference 
vegetation index (NDVI) (42), elevation, precipitation (34), and others in order to produce 
maps with predictive capacity in areas lacking ground-truth data. By understanding the 
relationship between environmental variables and spatial patterns in soil contamination with 
helminth larvae and eggs, we are better equipped at predicting the spread and identifying 
locations most at risk of high prevalence and intensity of infection (6, 35-37). Such maps help 
address a long prominent gap in programmatic resources, which include accurate prediction 
of infection prevalence distribution in a country, and the ability to visually track the changes 
of infection distribution over time. One method that programme managers use to fill this gap 
is by conducting national follow-up surveys. Results from the surveys are formulated into 
maps that are then used in the planning, monitoring and evaluation of the MDA programmes.  
 
In Burundi, STH infections have long been recognised as a public health problem (43-45). In 
2007, key partners and funders came together in collaboration with the Ministry of Health to 
establish an integrated control programme to address NTDs (46). As a result, in May 2007, 
STH infections and schistosomiasis were mapped across the entire country. Results 
demonstrated that STH were highly prevalent nationwide (prevalence between 20 and 50%) 
and that an intervention was critically needed (47). The findings of this study provided the 
basis for rolling out an integrated preventive chemotherapy programme throughout the 
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country. Previous study also showed that Burundi was severely endemic for anaemia with 
approximately with approximately 56% of the population being anaemic in 2003 (48). 
Spatiotemporal analysis has become an emerging methodology for tracking the changes in 
the spatial and temporal distribution of disease over time. However, to date only a handful of 
studies have chosen to conduct spatiotemporal analysis of helminth infections. More so, no 
study to date has examined the spatiotemporal relationships of infection prevalence and co-
morbidities associated with STH infections, mainly anaemia (49), and none have conducted 
such a study on a 8-year MDA programme.  
 
Spatial epidemiological studies have been applied to lesser extent in understanding the spatial 
distribution of the morbidity associated with helminth infections, partly because knowledge of 
the relationship between infection and disease is scant, and partly because of the lack of ground-
truth data on the occurrence and prevalence of morbidity and co-morbidity.  
 
There are numerous co-morbidities associated with STH infections such as diarrhoea, 
gastrointestinal pain, haematuria, lethargy and poor cognitive function, and the confounding 
factors that contribute to the prevalence of anaemia vary from malaria to malnutrition. 
Furthermore, studies have examined STH co-infections with protozoan, whilst showing similar 
patterns in prevalence rates, more evidence in correlation of infections is required (50, 51). 
Because it is not possible to cover them all within the scope of this PhD project, for the purpose 
of this research and due to available data on morbidities provided by the Schistosomiasis 
Control Initiative (SCI) at Imperial College London, all references to co-morbidities of STH 
infections will refer to anaemia only.  Combining these data with STH infection prevalence and 
intensity data, especially for hookworm, we have been able to develop a clearer picture of the 
interactions between malaria, malnutrition, STH infections and anaemia. This was achieved 
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through the geostatistical modelling of anaemia and poor growth outcome, which incorporated 
malaria and STH infections into the model. Some studies have found the role of STH infections 
on the onset of anaemia in malaria endemic areas is small, however overall the evidence is 
contradictory (52, 53). It is important to acknowledge that STH infections, especially hookworm, 
play a key role in the development of anaemia in non-malaria endemic areas (14, 54). This body of 
research assessed the impact of STH infections on the development of anaemia whilst also 
considering malaria and socio-economic status as confounding factors. This has helped us 
understand the role that STH infections play in their relationship with anaemia. It has also, for 
the first time, examined the spatial and temporal trends in anaemia in sites endemic with STH 
parasites, following an 8-year STH MDA intervention. 
 
1.2. Research Aims and Objectives 
This programme of research aimed to address the following primary research question: 
• What is the impact of an 8-year mass drug administration (MDA) programme on the 
spatiotemporal distribution of soil-transmitted helminth (STH) infections and their 
corresponding variations in co-morbidities (anaemia) in child populations in 
Burundi? 
Secondary research questions that were covered in the course of this body of research included: 
On the topic of helminth infections: 
• What environmental and socioeconomic factors contribute to the spatiotemporal 
distribution of helminth infections and how do they vary during an MDA programme? 
• How has the spatiotemporal distribution of helminth infections (prevalence, intensity 
of infection and co-infections) changed as a result of regular MDA? 
On the topic of helminth-associated morbidity: 
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• What factors influence the spatiotemporal distribution of helminth-associated 
morbidity measured in terms of anaemia? 
• What has been the spatiotemporal distribution of helminth-associated morbidity 
(anaemia) as a result of MDA? 
• Has a continuous MDA programme been successful in reducing the prevalence, risk 
and intensity of STH associated morbidities (anaemia)? 
 
1.3. Significance of Research 
Mapping activities and MDA programmes are intensely expensive and time consuming. If 
conducted correctly, they can have widespread positive outcomes. The body of research 
undertaken in this thesis is important because it has produced tools which have helped to 
validate the use and efficacy of using predictive modelling for the use in monitoring and 
evaluation (M&E) of MDA programmes. This study was conducted with data collected 
during an 8-year MDA intervention in Burundi. The production of spatiotemporal infection 
models which capture the trends in infection prevalence, intensity and the prevalence of 
multiple infections for the entire 8-year MDA programme was the first of their kind. They 
detailed the multi-dimensional nature of the MDA programme, the infection distribution and 
how different environmental factors contribute to this distribution. Furthermore, 
spatiotemporal modelling was used to capture the distributions in the co-morbidities, 
including anaemia severity, for the 5-year period 2007 -2011. This model was also the first of 
its kind.  
 
These models are likely to make a significant contribution to programme managers efforts to 
better target, plan and implement STH interventions for control and potentially elimination in 
Burundi and other geographies.. They have identified the true impact of an 8-year MDA 
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programme on both the worm burden and some of their associated co-morbidities. They have 
also identified trends in the worm burden and associated co-morbidities over the 8-year 
period from 2007 until 2014. Thus these will inform better strategies and designs for future 
programmes and maximise their impacts. 
1.4. Thesis Structure 
This body of research is detailed in 8 chapters: Chapter 1 is an introductory chapter; Chapter 
2 describes the data sources; and Chapters 3 is a literature review examining the most cost-
effective and effective interventions for STH infections. Chapter 4 is the first research chapter 
and consists of a critical review which examined the pathophysiological and socioeconomic 
pathways that STH infections affect and impacts a child’s development. Chapter 5 is the 
second research chapter assessing the impact of an 8-year mass drug administration 
programme on the prevalence of STH infections in Burundi. Chapters 6 and 7 are the third 
and fourth research chapters respectively, and address the spatiotemporal relationships for 
soil-transmitted helminths and anaemia as a co-morbidity respectively. The final chapter 
brings all the research strands of previous chapters into a discussion and provides directions 
for future work. Figure 1 depicts the structure and relationship of each of the Thesis chapters 
in relation to each other, whilst figure 2 details the overall structure of the Thesis.
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Figure 1. 1: Thesis research chapter (RC) structures in relation to each other 
• RC 4: Spatio-temporal 
modelling of STH co-morbidities, 
Anaemia and poor growth, following 
a 5 year study in Burundi-
- Demonstrates correlation between 
STH and anaemia.
- Demonstrates efficacy of mapping on 
co-morbidities
• RC 3: Spatio-temporal  
modelling of STH prevalence and 
burden of disease following a 7 year 
study in Burundi
- Demonstrates the efficacy and 
usefulness of spaciotemporal 
modelling on STH prevalence and 
burden of disease prediction.
- Builds case for use as an SDSS tool.
RC 2: Descriptive  Analysis of the 
effectivness of a 5 year STH MDA 
Programme in Burundi.
- Details the outcomes of what is 
considered to be the most effective 
form of STH inteventions- Mass Drug 
Adminsitration.
RC1: Critical Review: 
Pathophysiological and 
Socioecomonic Impacts of STH 
infections on Child Development
- Provides insight into the intended 
impacts and pathways through which 
STH interventions operate
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Figure 1. 2: Structure of Thesis including research components and progress of chapters.
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CHAPTER 2: DATA SOURCES 
Four forms of data were used in this thesis:  
1) Parasitological and anthropometric data from monitoring and evaluation of a 
continuous STH MDA programme,  
2) Environmental data,  
3) Socioeconomic, and  
4) Malaria data. 
 
Data used in the core of this research were obtained using the financial and logistical 
resources of the Schistosomiasis Control Initiative (SCI) at Imperial College London and the 
Ministry of Health of Burundi. A field placement to SCI at Imperial College London was 
conducted between September 2014 and January 2015, and again in July of 2016 to collect 
and process data on MDA logistics and costings.  Environmental data were sourced using the 
United States Geological Survey databases (USGS), and Google Earth Engine satellite 
databases (GEE). Socioeconomic data was sourced from the Demographics and Health 
Surveys conducted by the United States Aid and International Development agency 
(USAID). Malaria data were collected from the University of Oxford Malaria Atlas Project 
archives (MAP). Each data source is described below. 
Ethical clearance for all surveys was obtained from the Ministry of Health (MoH) in Burundi, 
school teachers and the parents or guardians of the children recruited in the study. Ethical 
clearance was also obtained by the SCI from Imperial College Research Ethics Committee 
(ICREC_8_2_2). Data were anonymised prior to analysis by assigning each participant a 
unique identification number. 
1. Parasitological and Anthropometric Data: 
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In 2007, a total of 12 schools were selected and surveyed as sentinel sites for monitoring 
programmatic impact on STH (“pilot schools”). These were located in three provinces of 
Burundi where the MDA programme began to be rolled out (Bururi, Bubanza and Cibitoke) 
[12]. Sites were selected randomly and adjusted to nearest village. In 2008, the MDA 
programme was expanded to cover the entire country and 19 additional schools were selected 
across the remaining provinces (“extension schools”). During the nationwide STH re-
assessment survey conducted in 2014, all pilot schools and 14 of the 19 extension schools 
were randomly selected and surveyed to evaluate the prevalence and intensity of STHs after 
seven years of routine MDA. Figure 1 shows the locations of the schools included in each 
survey. 
 
Figure 1: Map of pilot and extension study sites in Burundi used between 2007 and 2014. 
Annual parasitological surveys were conducted across all schools, with the exception 
of extension schools in 2010, when surveys were not possible due to political instability in 
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parts of the country. Annual surveys were conducted approximately one month before each 
round of Albendazole (ALB)/ Mebendazole (MBZ) administration. Surveys were conducted 
in April/May with drug distribution in June, to ensure that all children who tested positive in 
surveys received timely treatment through the national programme. At each pilot school, a 
cohort of 200 pupils from grades 1 and 2 and a cross-sectional sample of 100 pupils from 
grade 6 were recruited at baseline in 2007; 15.1% of these grade 1 and 2 pupils were still in 
the study in 2011. In each follow-up year, between 140 and 216 additional pupils from grades 
1 and 6 in each school were sampled. All students were randomly selected with gender 
stratification to ensure equal representativeness. 
At each extension school, a cohort of 200 pupils from grades 1 and 2 was recruited at 
baseline in 2008, complemented by a cross-sectional sample of 100 grade 6 pupils; 34.2% of 
these grade 1 and 2 pupils were followed up each year of the study until 2011. In 2009, 
between 110 and 200 additional pupils per school were sampled from grade 1 and grade 6. In 
2010, surveys were not possible in 18 sites out of the 31 due to political instability in parts of 
the country. In 2011 between 255 and 300 pupils per school were newly recruited. All 
surveyed individuals were under the age of 23 years, with 97% aged from 5 to 16 years at 
pilot and extension schools respectively.   
In each school surveyed for the national epidemiological re-evaluation of STH in 
2014, 50 pupils per school, aged between 12 and 16 were recruited, with the exception of one 
pilot study school where 100 pupils were recruited. For the 2014 re-evaluation all pilot 
schools were included and 14 of the 19 extension schools. For all surveys, approximately 
equal number of boys and girls were recruited. Figure 2 shows the distribution of years of 
data used in each of the key research chapters. Chapter 5 details the parasitological and 
anthropological methodology used to collect survey data. 
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Figure 2: Years of data included in by chapter. 
 
2. Environmental Data: 
 
Electronic data for normalised difference vegetation index (NDVI) for a 30m × 30m 
grid cell resolution were obtained from LandSAT 5 and 8 satellite images via the Google 
Earth Engine (GEE) database. The location of large perennial inland water bodies was 
obtained from the Food and Agriculture Organization of the United Nations (53). The 
distance to perennial inland water bodies (DPWB) was extracted for each survey location in 
the geographical information system (GIS). A 5km resolution population surface derived 
from the Global Rural-Urban Mapping Project (GRUMP) beta product was obtained from the 
Centre for International Earth Science Information Network (CIESIN) of the Earth Institute at 
Columbia University (54). Elevation data with a 30m x 30m grid resolution, generated by a 
digital elevation model (DEM) from the Advanced Space-borne Thermal Emission and 
Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) were obtained. 
Land surface temperature was also obtained from the ASTER system with a 500m x 500m 
resolution. Precipitation data were collected from WorldClim with 1km x 1km grid 
resolution.  
All environmental datasets were standardised and linked to survey locations. Values 
at each survey location were extracted in ArcGIS. Remotely sensed data for land surface 
temperature and NDVI were collected monthly from 2007 to 2014 and a new annual raster 
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file was created. Table 1 summaries environmental data used. Aforementioned environmental 
data were extracted to each sampling location using ArcGIS. These environmental values 
were later standardised in MS Excel. 
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Environmental data Satellite Description Pixel Period 
Land Surface 
Temperature 
Landsat 5 
and 
Landsat 7 
Obtained from USGS, one 
image per month over the six 
years of the study were 
collected and aggregated into 
yearly land surface 
temperature images in 
degrees Celcius 
30m x 
30m 
pixels 
2006 – 2012 
Captured 
every 16 
days 
Elevation ASTER - 
GDEM 
Advanced Space-borne 
Thermal Emission and 
Reflection Radiometer 
(ASTER) Global Digital 
Elevation Model (GDEM). 
Captured in Metres 
30m x 
30m 
pixels 
2010 
- 
Captured 
once 
NDVI Landsat 5 
and 
Landsat 7 
Obtained from USGS, one 
image per month over the six 
years of the study were 
collected and aggregated into 
normalised difference 
vegetation index images. 
30m x 
30m 
pixels 
2006 – 2012 
Captured 
every 16 
days 
Precipitation WorldClim WorldClim Precipitation 
ESRI files 
1km 
pixels 
2007-2011 
Captured 
monthly 
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Table 1: Environmental data used in thesis
3. Socioeconomic Data: 
 
Socioeconomic (SES) data was acquired from the Burundi 2010 Demographics and Health 
Survey (DHS) Household questionnaire. The DHS database is funded by USAID who conducts 
research and collates demographic, health and socioeconomic data from over 100 countries 
throughout the world. DHS surveys are conducted in collaboration with national governments, 
NGOs or multilateral agencies who have been tasked with taking full responsibility of the 
surveys for the country. The DHS provide questionnaire templates as well as training of data 
collectors and field workers, and consolidate the responses and produce reports from said data. 
The DHS provides technical assistance at all critical stages of survey implementation in order 
to ensure that the survey procedures are consistent with the DHS technical standards. This is 
to ensure that survey activities are progressing at a reasonable pace and data is of acceptable 
homogenous quality.  
 
Household surveys include data on household demographics and characteristics including size 
of the household, access to education and socioeconomic status. Household surveys are linked 
Distance to perennial 
water bodies 
Landsat 8 Collected from a single 
Landsat 8 image and 
calculated using nautical 
distance to sentinel sites 
30m x 
30m 
pixels 
2008 
Captured 
every 16 
days 
Global Rural Urban 
Mapping Project 
(GRUMP) 
NA Population count per 1km 
pixels 
1km x 
1km 
2000 
Calculated 
every 5 
years until 
2000 
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to global positioning system (GPS) coordinates. Survey GPS coordinates are collected in the 
field using handheld GPS receivers during the survey sample listing process. GPS readings are 
considered to be accurate to within less than 15 meters, however in order to ensure the 
confidentiality of participants is maintained, GPS coordinates are displaced for all surveys, 
with a 0 – 2km error for urban clusters and 0-5km error for rural clusters, with a further 1% of 
rural clusters displaced between 0 and 10kms. Pixels were 5km x 5km. A total of 8596 
randomly selected households were sampled, representing 13669 people (9389 females and 
4280 males). 
 
The standardised wealth index was used as a proxy for socioeconomic status per survey 
location. Surveyed locations were exported into ArcGIS after which they were transformed 
into a national coverage map using inverse differential means (IDW) interpolation method. 
SES data was only available for 2010. 
4. Malaria Data: 
 
Annual predictive endemic maps for malaria were acquired from the Malaria Atlas Project 
(MAP) which were developed using the posterior prevalence distributions of Plasmodium 
falciparum and applying Bayesian Model Based Geostatistical methods. Malaria maps were 
available at a 5x5km spatial resolution. These maps contained areas of unknown prevalence 
which were filled using nearest neighbour probability models in ArcGIS. It was assumed that 
after one application of nearest neighbour probability models that any remaining areas with 
blank prevalence were areas of no malaria.  
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CHAPTER 3: LITERATURE REVIEW 
1. Introduction  
 
This literature review critically appraises available literature on the relationship between 
helminth infections (A. lumbricoides, T. trichiura, A. duodenale and N. americanus) and key 
drivers including anthropological (sanitation and hygiene practices) and ecological factors 
(land surface temperature, elevation, precipitation, vegetation and distance to water bodies). 
This literature review also considers methods of STH control (MDA programmes, health 
education and water and sanitation programmes) and the cost-effectiveness of existing 
control strategies. Gaps in knowledge and contradictions in available knowledge have been 
identified, justifying the need for the research program reported in this Thesis. 
 
Figure 3.1: Conceptual framework on the relationship between STH and the above 
mentioned anthropological and ecological factors. 
2.  Burden of helminth infections and associated morbidity  
2.1. Global burden of helminth infections  
 
A. lumbricoides, T trichiura, Schistosomiasis (SCH) and hookworm infections have long 
been underestimated. They are thought to infect a total of 1.8- 2.0 billion people globally (1-
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5). In endemic areas these infections are often coupled with co-infections such as lymphatic 
filariasis and onchocerciasis which, together, infect approximately 200 million people per 
year. Unfortunately, because of the difficulty in calculating the actual burden of disease for 
helminth infections, the figures provided are an estimate (6).  All aforementioned parasites 
together make up one of the largest groups of neglected tropical diseases. However, funding 
into the treatment and eradication of helminth infections is but a fraction of those that go into 
the treatment and eradication of other less prevalent diseases such as malaria and HIV(7).  
 
The distribution of helminth infections globally are predominantly on the African continent, 
as well as in Latin America and parts of South East Asia and the Indian subcontinent. 
Furthermore, cases of helminth infections have also been noted in indigenous populations as 
well as ghettos and slums in high socio-economic countries including Australia (8).  
Evidence suggests that hookworm infection is more common in adults than it is in children 
(9), whilst both A. lumbricoides and T. trichiura are more prevalent in children than in adults 
(1). Furthermore, studies have found that boys are at higher risk of contracting all infection 
types (10). This was attributable to the idea that boys are more likely to play in at risk areas 
than girls, thus increasing their risk of exposure.  
The life cycle, biology and epidemiology of STH infections will be covered in Chapter 4. 
2.2. Helminth associated morbidities 
 
Co-morbidities that are attributable to soil-transmitted helminth infections as well as 
schistosomiasis include abdominal pain, diarrhoea, protein loss, anaemia and physical and 
cognitive growth delays.  Co-morbidities are closely correlated to poor socio-economic status 
of a child and family. In a low-socioeconomic setting, an infected child is more likely to 
become undernourished, anaemic, stunted, wasted and cognitively delayed and impaired (11-
24), primarily because these parasites feed off the child’s macro and micro-nutrients (25). 
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Thus if a child does not have access to sufficiently nutritious food then they are likely to be 
stuck in a vicious cycle of under nutrition, partly due to the lack of food and partly due to the 
parasites. Although these parasites bring their hosts very close to the brink of death in severe 
situations, it is not in the nature of a parasite to kill its host. This is why helminth infections 
are not classified as having a very high burden of disease in terms of Disability Adjusted Life 
Years (DALYs) when compared with other parasites such as malaria (26, 27). Though DALY 
scores attributable to STH infections are a contentious issue, they do however provide a 
means of representing the years that can be lost to one of these parasitic helminth infections 
in a quantitative value.  
 
Anaemia is possibly one of the worse co-morbidities associated with helminth infections. 
Although there are many causes of anaemia (e.g. malnutrition and malaria), moderate to 
heavy helminth infections, especially hookworm infection and urinary schistosomiasis, are 
major causes in some parts of the world, (19, 28). Anaemia poses the biggest threat to 
pregnant women and girls of menstrual age as they will be at a higher risk of peri and post-
natal complications due to the anaemia (29, 30). According to the World Health Organization 
(WHO), blood haemoglobin levels below 13g/dL for men, 12g/dL for women and 12g/dL for 
children between the ages of 6 and 14 years are considered to be anaemic thresholds.  
Studies conducted by Akanni et al suggest that between 57.1% and 85.7% of males and 
62.5% and 91.7% females who are infected with one or more of the helminth parasites are 
considered to be dangerously anaemic(31). These studies suggest that anaemia attributable to 
helminth infections can be accountable for thousands of DALYs lost per year via loss of 
quality of life.  
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It is necessary in any analysis of the burden of disease of STH and its comorbidities to take 
into account confounding parasites, environmental condition and effect modifications which 
can also cause anaemia, stunting of growth, wasting of body mass and overall 
undernourishment (16, 31, 32, 34). This mainly the case as STH infections, do not solely 
contribute to the aforementioned conditions.  Malaria is a known confounder for anaemia (16, 
31-34). 
 
Anthropometric testing has been used to monitor cases of anaemia in helminth-infected 
children. Studies by Graham et al, (35) suggest that children with one or more parasitic 
helminth infection are significantly more likely to develop either mild to severe anaemia in 
their lifetime. Drake et al and Peñña et al (21, 36) have stated that children from higher socio-
economic backgrounds who have access to plentiful nutritious food are less likely to develop 
anaemia than those that are from a lower socio-economic backgrounds. Thus the social 
drivers of helminth induced anaemia cannot be ignored when assessing the spatial or 
temporal distribution of helminth related co-morbidities. 
3. Control of helminth infections  
3.1. Control Initiatives  
3.1.1. Mass drug administration of benzimidazoles to at risk populations 
  
Mass drug administration (MDA) programmes using Albendazole, Mebendazole and 
Praziquantel have become routine intervention strategies for the mass deworming of entire 
national populations (5). This is mainly because MDA programs are the most cost-effective 
form of intervention with the most potential benefit using the same resources available to 
other intervention strategies (37, 38). MDA programmes aim to prophylactically and 
curatively treat all people in at risk populations whether they are infected or not (39, 40).  
Some MDA programmes, in areas where A. lumbricoides and T. trichiura are most prevalent, 
choose to administer Albendazole to school age child or at risk populations such as mothers 
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and women of child bearing age only. These forms of interventions may have ethical 
implications and may not prevent the reinfection or infection of other children or people in 
the population (41).  
 
Most deworming drugs are donated to countries for the purpose of the MDA programmes 
which significantly reduces the cost of the intervention (42). STH MDA programmes are 
aimed at delivering deworming drugs to the majority of at risk populations in an attempt to 
control the morbidities that are associated with STH infections. The rationale behind MDA is 
such that if you treat enough people, it will eventually reduce the prevalence and incidence of 
STH infections closer to zero meaning that fewer and fewer people will be infected, thus 
inching towards elimination. Though theoretically correct, this is not without its problems. 
One key issue with MDA programmes is that, alone, they may not be sufficient in the long 
term disruption of the infection chain for STH infections (41). This is because STH MDA 
programmes are primarily aimed at controlling the spread of the parasites and reducing the 
morbidity associated with the infections rather than focusing on complete elimination (5, 43). 
Furthermore, challenges to the long term success of MDA programmes primarily revolve 
around social uptake and anthropological conditions which result in non-compliance by 
targeted communities (44, 45). Evidence states that for viable long term success of MDA 
programmes, additional interventions such as health education (1, 46), sanitation (46-48) and 
personal hygiene practices (40, 48, 49) are required. If elimination is to become the goal of 
STH MDA programmes these additional interventions need to be considered. 
3.1.2. Health Education on Sanitation and Hygiene Practices 
 
MDA programmes alone have been found to be insufficient in eliminating STH infections, 
mainly because the rate of reinfection does not change in the long term, though there is a 
reduction in the short term. The practices which lead to the recurrence of infection and the 
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contamination of the local physical environment are not changed through MDA (5, 7, 40, 43, 
44, 50, 51). Helminth infections are very much an disease of poverty as they thrive and 
propagate in areas with very poor sanitation habits such as open defecation, and poor hygiene 
habits such as not washing one’s hands before dealing with food (1, 5, 23, 40, 48, 52).  
 
Health education on proper sanitation and hygiene practices has been identified as one of the 
missing links which can help reach eradication status. One of the key roles of health 
education is to change the long held cultural practices such as open defecation and urination 
into waterways which result in the contamination of soil and water bodies with helminth eggs 
and larvae (1, 36, 40, 45-47, 53, 54). Studies have demonstrated that when health education is 
conducted alongside MDA programmes, there is a resulting further decrease in the 
prevalence of all STH infections, with said reductions sustained for longer periods of time. 
However one study by Asaolu et al (46), found that while health education was effective in 
the short (12 months) and medium terms (up to 24 months) in reducing the prevalence of 
infections, it was insufficient in reducing the prevalence in the long term (>3 years). If health 
education was not continuous and ongoing, the prevalence returned to the pre-intervention 
level as proper hygiene practices were abandoned (46).  
 
This case emphasises the role of ongoing hygiene and health education practices in helping 
reduce and sustain the reduction in prevalence. Studies examining the role of sanitation 
interventions such as building latrines and toilets also found that they were effective in the 
short term, but ineffective in the long term. Uptake and use of these facilities dropped as a 
result of poor maintenance of the latrines, i.e. as the quality and cleanliness of the toilets and 
the latrines decreases so did the uptake and compliance with sanitation and hygiene practices. 
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The aforementioned pattern of long term ineffectiveness of health and hygiene education has 
been identified as the case in standalone programmes. However, the capacity for compliance 
is greatly increased when health education programs and sanitation interventions are 
partnered with MDA programmes. This is because they ensure annual exposure to health 
education materials and provide an opportunity to inspect and maintain latrines and toilets 
without the incursion of extra costs associated with standalone programs. 
4. Mapping of Soil Transmitted Helminths 
4.1. Medical geography of helminth infections and associated morbidity  
 
Spatial variations in helminth epidemiology vary greatly because of factors which influence 
the distribution and proliferation of helminth infections. These factors have been categorised 
into:  
• Environmental factors which impact the ecological distribution and helminth survival 
in the environment, 
• Anthropological factors which govern risk factors associated with human behaviour, 
and 
• Economic factors which impact the availability of proper sanitation and hygiene 
infrastructure.  
These three categories are by no means mutually exclusive, rather one factor may 
significantly influence another. For example, economic factors may influence anthropological 
factors, such as poorer communities not having access to proper sanitation infrastructure and 
thus developing a cultural norm of public defecation and poor hygiene practices. Spatial 
variations in STH related anaemia are considered to be correlated to increased risk of 
hookworm infections as well as the socio-economic situation of the region. 
4.1.1. Spatial epidemiological tools to assist in the control of helminth infection and 
associated morbidity  
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Spatial epidemiological tools refer to infection prevalence mapping. Mapping of STH 
prevalence, intensity and multiple infections is an effective tool for predicting the spatial 
distribution of STH infections and monitoring the effectiveness of intervention programs. 
These mapping protocols have assisted project managers and organisations to effectively 
target STH endemic areas (24, 55, 56). Mapping has helped conceptualise the complexity of 
STH infection dynamics and their distributions. This is important as it has enhanced the 
monitoring and evaluation of effectiveness of MDA programs. This is mainly done through 
the identification of endemic areas and channelling resources to reach and treat these areas 
(55, 57, 58). Through the mapping of infection prevalence (59), intensity (60), multiple 
infections (60, 61) and co-morbidities (24), a much clearer image of the infection situation is 
established and more accurate predictive maps can be drawn.  
 
Maps are drawn using remotely sensed environmental data, socio-economic data collected 
from national government offices and survey data collected from the field. These three 
streams of data allow for the modelling of all known variables which play a role in the 
distribution of STH infections in the natural and urban environments. Spatial decision support 
systems (SDSS) can be developed using mapping data. These SDSS can model and predict 
infection hot spots and can help direct programme managers to locations which will 
maximise the impact of their intervention. Conventional national mapping surveys can be 
expensive and time consuming due to high resource, time and personnel demands. As such 
predictive models and mapping activities based on historical epidemiological data collected 
during the MDA programme has been thought to be a cost-effective, time efficient and an 
accurate alternative to conventional mapping activities (57).  Monitoring and evaluation data 
were used to create spatiotemporal models of STH infections. These results are detailed in 
chapter 6. 
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Accuracy of maps can come into question when low resolution satellite imagery is used in 
their creation, because environmental data and completeness of the socio-economic factors 
may not be captured by low resolution large pixels (larger than 30m by 30m). High resolution 
satellite imagery may be problematic to obtain, as cloud cover and weather conditions at the 
time the image is captured may render the all or part of the image useless. Thus, there are 
numerous issues that need to be considered when conducting mapping activities for STH 
control interventions. 
4.1.2. Anthropological and Economic Factors 
4.1.2.2. Hygiene practices 
 
Hygiene practices are a prime driving factor in the spread and rapid reinfection of Ascariasis 
and Trichuriasis, mainly because these two parasites are reliant on the faecal-oral route for 
transmission (48, 62). Vicious cycles of reinfection are created when poor hygiene practices, 
such as failure to wash hands after defecation and before eating, are habitual and common 
place (63, 64). These practices can increase the risk of infection for the entire family unit, 
especially in families where food is shared from a single plate. In such families, a single 
infected child with poor hand washing habits is all it takes to infect the entire family (65).   
 
Understanding the relevance that hygiene practices play in the infection cycle is critical in 
any attempt to eradicate or control STH infections. This is because a disruption in the 
reinfection cycle is necessary to ensure long term health benefits from intervention. Poor 
hygiene is strongly correlated to the proliferation of helminth infections in communities. It is 
a key element that needs to be addressed alongside MDA programs to ensure that prevalence 
of helminth infections is greatly reduced. Though mapping activities have included hygiene 
practices as a variable (59, 66), the relationship between hygiene and STH infections is well 
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established. However, further research is required to determine the best approach to 
improving and sustaining good hygiene behaviours (53). 
4.1.2.3. Sanitation Infrastructure  
 
Similar to hygiene practices, the availability of functioning and clean sanitation facilities and 
their upkeep and utilisation have been identified as one of the most important determinants in 
reducing persistent high prevalence of helminth infections (47, 64, 67-70). Since STH rely 
heavily on the faecal-oral route for transmission, or in the case of hookworm burrowing of 
larvae into exposed skin, poor sanitation and widely practiced open defecation heavily 
influence the transmission dynamics of STH infections (64). Sanitation programs have been 
trialled and found to be successful in some cases but not in others (47, 53, 63, 64, 69). 
Success has been closely tied to two key elements: the quality and state of the sanitation 
structures (toilet or latrine); and health education interventions. Furthermore, interventions 
which included an ongoing health education program saw a much greater response in the 
uptake and utilisation of toilets and latrines than communities where health education 
programs were implemented only once or not at all (46, 53).  Thus viable sanitation 
interventions are essential in any attempt to control or eliminate STH infections (71, 72). 
4.1.2.4. Nutrition status and socioeconomics  
 
Nutritional status and the socioeconomic background of the family unit greatly influence the 
impact of STH infections on a child’s health, and the risk of contracting multiple infections. 
Though it may not necessarily impact the distribution patterns of STH infections, Nutrition 
status and SES will play an important role in capturing the spatial distribution of our targeted 
co-morbidities anaemia and poor growth outcomes (73-77). Since STH are commonly 
considered as parasitic infections of poverty (7, 52, 78), and malnutrition and poverty are 
closely linked (7, 12, 21), STH infections could have greater health impacts on impoverished 
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households than they would otherwise have on those living in higher socioeconomic 
households (1, 48, 52, 71). Possible reasons for this include:  
• Higher infection intensity in lower socioeconomic areas due to poor sanitation and 
hygiene, 
• Living in close proximity to livestock, 
• Poor nutrition,  
• Inability to afford medical treatment, and  
• Poor access to health care.  
Because families are unable to reach or afford treatment, in most instances people learn to 
live with the morbidities associated with STH infections rather than seek treatment (5, 7, 78). 
Addressing and assessing the socioeconomic aspects of STH infections are two of the more 
challenging components in control and eradication efforts. However socioeconomic profiles 
have proven to be useful indicators for predictive risk mapping of the prevalence of STH 
infections (79). 
4.2. Factors influencing spatial variation in helminth infection and associated   
morbidity 
 
4.2.1. Environmental factors 
 
Environmental factors refer to ecological and environmental phenomena that may influence 
the survival and proliferation of helminth eggs and larvae in the natural environment, and can 
highly influence the risk of infection. The environmental factors considered in this paper are:  
• Land surface temperature (LST),  
• Normalised Difference Vegetation Index,  
• Distance to perennial water bodies,  
• Precipitation, and  
• Elevation.  
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These variables have been selected because previous studies found significant associations 
between these variables and the spatial distribution of helminth infections. There may be 
other important environmental factors which are not presently known, and thus require more 
insight into their relationships with the eggs and larvae through further extensive studies. 
4.2.1.1. Land surface temperature  
 
Land surface temperature (LST) is obtained utilising band adjusted calculations to satellite 
imagery obtained from either MODIS Terra satellites or the Landsat series of satellites. 
Spatial resolution will vary depending on the satellite used and as such it is highly 
recommended to use satellites with a higher resolution such as Quickbird (1m x 1m) or  
Landsat (30m x 30m), compared to MODIS Terra (1km x 1km) pixel resolution values. This 
is because higher pixel resolutions provide greater insight into spatial correlation at higher 
spatial resolutions. For example, LST has been identified as one of the key ecological factors 
which support the survival of helminth eggs in the soil (4, 80, 81). The spatial sprawl of A. 
lumbricoides and T. trichiura eggs are typically over areas smaller than 250m2 and as such 
require LST values which reflect the minor changes in heat values across these distances. 
Furthermore, extreme heat, has been identified as a key factor in stunting the development of 
eggs in soil and limiting their viability. This is mainly because A. lumbricoides and T. 
trichiura eggs are immobile in this form and as such will likely have their development 
halted by high surface and ambient temperatures (81) . It has been suggested that 
temperatures between 37oC to 38oC halt the development of 80% of A. lumbricoides and T. 
trichiura eggs, whilst temperatures in excess of 39oC halt the development of close to 100% 
of A. lumbricoides and T. trichiura eggs (81, 82). Hookworm parasites, unlike A. 
lumbricoides and T. trichiura, are present in their larval stage when in the soil, and have been 
noted to survive in both extreme hot and cold LSTs. Although  temperatures in excess 40oC 
have been recognised as halting viable development (35, 81), this figure is only applicable to 
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areas where temperatures are significantly in excess of 40oC. This is because hookworms 
have the ability to burrow deeper into the soil to seek cooler or warmer temperatures when 
the land surface temperature is either too hot or too cold. Therefore the LST needs to be very 
high for the heat to permeate deep into the soil to kill the hookworm larvae (9, 80).  
4.2.1.2. Vegetation  
 
The normalised difference vegetation index (NDVI) represents the overall vegetation state of 
an area as captured by satellite imagery and is calculated by dividing the infrared 
wavelengths by the red wavelengths from satellite imagery (61, 83, 84). This is a normalising 
function which is used to calculate the vegetation reflectance of an image. The NDVI 
changes over time and is closely monitored by most national governments and international 
organisations as they reflect the state of forests and vegetation (84). NDVI ranges between -1 
and 1 with an NDVI of 0.2 – 0.3 representing scrubland and NDVI of 0.6-0.8 representing 
temperate forests and rain-forests (83, 84).  
 
It has long been assumed that helminths rely on locations with low NDVI’s for proliferation 
(NDVI <0.2), because lower NDVI’s represent exposed soil, a key factor for the survival of 
helminth eggs and larvae. This assumption is based on the idea that in areas of low socio-
economic standing and poor sanitation, open defecation is common practice and as such 
increases the chances of transmitting helminth eggs via soil (47, 53). However recent studies 
by Cundill et al suggests that higher NDVI’s (NDVI >0.2) may also be an avenue for 
proliferation. In Cundill et al’s study areas with a NDVI of less than 0.2 had a hookworm 
prevalence of 20% whilst areas with an NDVI of greater than 0.2 had a significantly higher 
prevalence of 35% (70). Cundill et al’s study examined the distribution of hookworm and 
schistosomiasis based on environmental data. Whilst the NDVI was found to significantly 
influence the proliferation of STH infections, a weak and non-significant correlation between 
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NDVI and schistosomiasis was noted (70). This may be due to the fact that schistosomiasis is 
a water borne parasite, and land cover only plays a minor role in the contamination of water 
bodies (74, 85). However, it should be noted that there are very few published studies 
examining the relationship between NDVI and helminth infections. 
4.2.1.3. Precipitation  
 
Precipitation is closely correlated to vegetation and exposed soil. Although few studies have 
examined the association between precipitation and helminth proliferation, it is generally 
assumed that higher precipitation is associated with increased vegetation density, and 
therefore decreased risk of contracting a helminth infection from exposed soil (86-88). One 
study by Chammartin indicates that higher levels of precipitation correspond with higher 
incidences of Ascaris infections (56). Despite an extensive literature search, no other studies 
detailing the relationship between precipitation and helminth parasites have been found. 
Though with the aforementioned relationship with NDVI, it can be assumed that a similar 
relationship between helminth survival in the soil and precipitation exist.  
Heavy rainfall in elevated areas may cause top soil run-off into lower lying areas meaning 
that if the elevated areas are contaminated with helminths eggs and larvae, this run-off will 
likely contaminate uninfected areas with these larvae. This proliferation of contaminants can 
pose a major problem for eradication and control efforts as prediction models have been 
unable to account for these random phenomena of flash flooding, especially in contaminated 
sites.  
4.2.1.4. Elevation 
 
Few published studies have examined the relationship between elevation and environmental 
survival of helminths. Simple statistical analysis using elevation and LST data from the same 
year in Burundi have found that elevation is closely correlated to LST (correlation 
factors=0.772 -0.913), however, all studies found are region specific and do not mention or 
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relate to STH infections. Also no universal rule has been established on the relationship 
between elevation and LST (89, 90). No articles discussing the relationship between STH 
infections and elevation were found. Thus the role of elevation on STH survival proves to be 
a significant gap in our understanding and knowledge. 
4.2.1.5. Distance to Perennial Water Bodies  
 
The distance from an inland fresh water body is associated with the risk of STH infections 
through three mechanisms. Firstly, Schistosoma mansoni and Schistosoma haematobium both 
require a fresh water body to survive and proliferate (74, 85, 91). Having taken host in a 
freshwater snail, these schistosomes utilise freshwater as avenues of infecting bathers and 
swimmers. Either through ingestion or through skin penetration, these worms enter the body 
and reproduce. Thus the closer in distance a person lives to a perennial water body, the higher 
the risk of contracting schistosomiasis (85). Secondly, although there is little evidence 
suggesting the risk of helminth infections is higher with distance to a fresh water body, for 
Ascariasis, Trichuriasis and hookworm infections, the distance to a fresh waterbody plays a 
role in people’s sanitation and hygiene habits (46, 53, 92). It has been noted that the closer a 
child lives to a water body, the more likely he or she is to wash frequently and may have 
better hygiene habits when compared to a child who lives further away from a perennial 
water body (93, 94). Finally, risks associated with the migration of the eggs and larvae via 
flooding of the inland water bodies, washing away the contaminated topsoil and transporting 
it to another region downstream, poses a threat to the proliferation and contamination of other 
uninfected areas. This issue can be controlled via the construction of functional sanitation 
utilities. Thus with better sanitation and hygiene habits, the risk of STH infection is reduced. 
5. Health economic evaluation of STH control programme  
5.1. Introduction to Health Economic Evaluation of MDA Programmes  
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Economic evaluation of health programmes has become increasingly important to ensure that 
maximum benefit is obtained from such programmes and to maximise the use of limited 
resources (95, 96). Health economic evaluations also attempt to minimise the amount of 
funds that are wasted in inefficient planning, implementation, and monitoring and evaluation 
phases of health programmes (97, 98).  Cost-effectiveness analysis evaluates the economic 
relationship between the financial costs of an intervention and the economic impact of the 
intervention in terms of natural outcomes such as cases of morbidity averted or years of life 
gained (99). Cost per disability adjusted life years (DALYs) gained or lost have become 
common outcome measurement tools in cost-effectiveness analysis (100, 101). This is in 
spite of it not traditionally being used in cost-effectiveness analysis and its use being 
debatable amongst health economists because of its affiliation with cost-utility analysis. This 
form of economic evaluation describes the economic outcome as cost per DALY, which is 
reflective of morbidities and mortality associated with the disease and their impacts on a 
person’s life course.  
 
5.2. Cost-Effectiveness of STH interventions  
5.2.1. Mass Drug Administration 
 
Economies of scale refer to the notion that a reduction in total cost and cost per unit is 
achieved by increasing the volume of output rather than reducing it (109, 110). Economies of 
scale play a critical role in the cost-effectiveness of MDA programmes (111). Out of all 
possible drug administration strategies for STH infections, MDA programmes have been 
identified as being the most cost-effective in terms of cost-to-treat per person, cost-per-case 
of anaemia averted, and cost per DALY averted (27, 37, 38, 67, 95, 96, 107, 112-118).  This 
is mainly because the financial and economic costs to treat everyone is lower than targeted 
treatment of infected individuals. Within the MDA category, two strategies are often 
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implemented, the first being school targeted and the second being community orientated 
MDA programmes (5, 40, 51, 114, 119-121). Evidence is suggestive that community based 
MDA programmes are more cost effective than school based programmes (113). In turn, 
school based programmes are more cost effective than targeted treatment at health centre 
initiatives (122). This hierarchy in the effectiveness of MDA programmes is mainly due to 
the reach, scope and extent of MDA treatments. Community based MDA programmes target 
all members of the community despite age, gender or infection status. By doing so, one 
minimises the risk of reinfection by eliminating possible sources of recontamination of the 
soil. Also, it is important to note that hookworm affects adults more than children and as 
such, treatment of children alone will be insufficient to reduce the morbidity associated with 
hookworm infections (123). Since community based MDA programmes target adults too, the 
morbidities associated with hookworm infections are drastically reduced, thus reducing the 
prevalence of negative health outcomes which in turn influences the economic evaluation. 
School based MDA programmes target mainly school aged children, which may reduce the 
morbidity intensity in children for a period of time, however it will not do much to reduce the 
morbidity associated with infected adults and thus this will also not disrupt the chain of 
reinfection which may be commonplace in and around the home environment (54, 124). 
Table 3.1 details the available literature on the cost effectiveness of MDA programmes alone. 
 
Table 3. 1: Synopsis of available literature on the cost-effectiveness of STH MDA programmes. 
Study Setting of 
Research 
(Country, 
Years) 
Outcome (Epidemiological 
Indicators used) 
Comparators (age 
group, school based 
or community-
based) 
Unit of analysis 
(country, subnational) 
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Assefa et al., 2014 Western 
Kenya 
Cost per case correctly 
classified 
Cost per child tested 
18 schools in high 
prevalence areas 
National 
interpretation 
Brooker, 
Kabatereine, 
Fleming, & Devlin, 
2008 
Uganda Cost per case of anaemia 
averted 
Cost per child treated 
School based 
intervention – data 
collected from six 
districts at district 
offices 
District level 
Clasen et al., 2012 India Cost per DALY averted Community based Commune level 
Conteh, Engels, & 
Molyneux, 2010 
Review 
paper 
Cost per DALY averted Community based  National 
D. Evans et al., 
2011 
Nigeria Cost per child treated 
Cost per LGA 
8 Local 
Government Areas / 
community based 
State and local levels 
D. B. Evans & 
Guyatt, 1995 
Review 
paper 
Cost per child treated 
Cost per DALY 
Cost per case of infection 
averted 
Community and 
school based 
National 
Guyatt, Bundy, & 
Evans, 1993 
Undisclosed Cost per infections averted 
Cost per DALY (burden) 
averted 
Cost per disease averted 
Community based Regional  
Hall, Horton, & de 
Silva, 2009 
Review 
paper 
Cost per child treated Community based National 
Holland, O'Shea 
Asaolu, Turley, & 
Crompton, 1996 
Nigeria Cost per 1000 egg reduction 
per 1 gram of faeces 
Community and 
school based 
District/commune 
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Leslie et al., 2011 Niger Cost per district  
Cost per treatment 
Cost per schistosomiasis 
infection averted (based on 
anaemia averted) 
Community and 
school based 
National and District 
Smith et al., 2015 Kenya Cost per treatment School based District level 
Taylor-Robinson et 
al., 2012 
Review 
paper 
Cost per treatment Community and 
school based 
National and district 
levels 
 
5.2.2. Health Education  
 
Only a few studies have assessed the impact of health education on the reduction in 
prevalence of STH infection in endemic areas (40, 53, 78). These studies found if a health 
education programme was run alongside an STH MDA programme, it significantly increased 
the long term (greater than 10 years) reduction in prevalence. These studies found that if the 
health programmes were run without the MDA programmes, they still saw a drop in the 
prevalence of STH infections and an increase in school performance among those who 
participated when compared to those who did not participate in a short to mid-term health 
education intervention (125). However the studies show that in order for long term 
reductions, long term health education interventions as well as MDA programmes need to be 
conducted concurrently (53). The cost-effectiveness of short term health education 
programmes alone are significantly reduced, whilst the cost-effectiveness of short term health 
education programmes partnered with MDA programmes is significantly increased and in the 
long term, a more viable option (126). 
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Table 3. 2: Synopsis of available literature on the cost-effectiveness of health education and MDA programmes. 
Study Setting of 
Research 
(Country) 
Outcome 
(Epidemiological 
Indicators used) 
Comparators (age group, 
school based or 
community-base) 
Unit of analysis 
(country, 
subnational) 
Lobato et al., 2012 Brazil Cases of reinfection 
Performance on 
standardised testing 
School based Regional 
Minamoto, Mascie-
Taylor, Karim, Moji, & 
Rahman, 2012 
Bangladesh Cases of infection 
averted 
Community based District  
Phommasack et al., 2008 Lao DPR Cost-per treatment 
 
School based National 
Smits, 2009 Review Cost-to treat School based and 
community based 
National 
Tanner et al., 2011 Bolivia Prevalence of infection School aged children Regional and 
district 
 
 
 
 
 
 
5.2.3. Water, sanitation and hygiene programmes  
 
Numerous water, sanitation and hygiene (WASH) programmes have successfully reduced the 
prevalence and intensity of infection, and significantly reduced the prevalence of reinfection 
(64, 65, 127-130). However a randomised controlled trial on the effectiveness of WASH 
alone found that this reduction was only statistically significant for A. lumbricoides. The 
reduction in prevalence of T. trichiura and hookworm, though reduced slightly, was not 
significant (68). Furthermore, studies suggest that the most cost-effective intervention is one 
which includes a community based STH MDA programme, a health education programme 
and water and sanitation intervention (48, 53, 63-65, 67-69, 93, 129). This form of 
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intervention attempts to decrease the prevalence of STH infections as well as disrupt the 
chain of reinfection. This is done by preventing future infections by eliminating key 
environmental and anthropological risk factors which increase the risk of infection with STH 
parasites. For successful implementation of an integrated intervention, it is critical that all 
components, including water and sanitation infrastructure and health education programmes 
run simultaneously and continuously. This will prevent potential poor uptake in usage of the 
interventions, which often result from poorly maintained sanitary infrastructure and long gaps 
in the delivery of health education programmes (46, 53). Thus, by combining all three 
interventions, the probability of the uptake and use of these interventions are significantly 
higher, reducing the risk of infection and reinfection. Table 3.3 lists the available studies on 
the cost-effectiveness of WASH and MDA programmes. 
 
Table 3. 3: Synopsis of available literature on the cost-effectiveness of WASH and MDA. 
Study Setting of Research 
(Country, Years) 
Outcome 
(Epidemiological 
Indicators used) 
Comparators (age 
group, school based 
or community-base) 
Unit of analysis 
(country, 
subnational) 
Campbell et al., 2014 International Infections averted Community based 
and school based 
National 
Freeman, Clasen, 
Brooker, Akoko, & 
Rheingans, 2013 
Kenya Infections averted School based Provincial and 
district 
Grimes et al., 2015 Review Cost per treatment Community based National 
Jia, Melville, 
Utzinger, King, & 
Zhou, 2012 
Review paper Costs per morbidity 
(anaemia) averted 
Community and 
school based 
National 
Joshi & Amadi, 2013 Review Infections averted School based National 
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Mascarini-Serra, 
2011 
Review Cost per treatment 
Cost-per sanitation 
intervention 
Community based National 
Strunz et al., 2014 Review Infections averted Community and 
school based 
National and district 
Ziegelbauer et al., 
2012 
Review paper Odds of being infected Community based 
and school based 
National and district 
 
6. Gaps in Knowledge 
 
One the greatest issues in the assessment of the burden of disease is the global estimation of 
prevalence of STH infections. Though an exact figure has not been calculated, the estimated 
number of infections has been considered to be grossly underestimated. Furthermore, the 
impact of MDA programmes on the global prevalence has not been examined. 
6.1. Variations in helminth epidemiology 
 
Spatial variations in helminth epidemiology is a relatively new field and as such the exact 
relationships between varying environmental variables and STH distribution is mostly 
unknown. Though there are numerous studies examining the role of environmental factors 
such as temperature and vegetation on helminth survival in the natural environment. 
However, there are still numerous unknown environmental factors which could potentially 
contribute to the survival of helminth eggs and larvae in the soil.  Furthermore, there is 
limited to no research into the way we utilise maps for design control/evaluation programmes 
and how these maps can demonstrate the evolution of a MDA effort on either infection 
burden or on morbidity (particularly anaemia and growth). These gaps in knowledge could 
potentially be the missing links in the chain, which makes the elimination of STH infections 
possible. Finally, one critical gap in knowledge is a lack of scientific basis or evidence 
supporting the WHO guidelines for the national epidemiological mapping activities every 
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five years. This is a costly mapping activity, which requires validation. This body of research 
has addressed the gap in knowledge surrounding the use of map for designing control 
programmes and has also demonstrated the evolution of the MDA effort through 
spatiotemporal modelling using monitoring and evaluation data. 
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CHAPTER 4: THE EFFECTS OF HELMINTH INFECTIONS ON 
CHILD PHYSICAL AND COGNITIVE DEVELOPMENT: AN 
INTEGRATED PATHOPHYSIOLOGICAL AND SOCIOECONOMIC 
APPROACH 
 
In the literature review presented in Chapter 3 I critically appraised existing evidence on existing 
interventions for STH infections and their associated effectiveness and cost-effectiveness. While 
literature reviewed in Chapter 3 demonstrated that integration between MDA, health education and 
WASH programmes produced the best long term health outcomes that review also suggested that 
integrated STH control programs are rarely implemented due to the high associated costs. I then 
took on the task of reviewing the mechanisms through which STH parasites impact on a child’s 
development in order to understand the need for the implementation of integrated STH 
interventions. In this Chapter 4, I systematically reviewed literature that investigated the 
mechanisms and the impacts of STH infections on child health outcomes. In doing so I also 
generated a conceptual framework to aid the development of the geographical models of STH 
infection and associated morbidity (Chapters 5, 6 and 7). Initial literature searches described in this 
Chapter identified a total of 11,001 articles of which 70 articles were found to be relevant for a full 
literature review. From these 70 articles, a causal loop diagram demonstrating the relationship 
between STH infections, anaemia, and poor growth outcomes was drawn showing direct and 
indirect pathways in which STH infections may impact a child’s development. The causal loop 
diagram also provided insights into how an MDA programme may interrupt elements of the vicious 
STH cycle. This chapter was published as a review manuscript in the journal Advances in Life 
Science and Medicine in August 2015.  
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Abstract 
Ascaris lumbricoides, Trichuris trichiura and hookworm make up the three most prevalent helminth 
species in humans. Helminths infect on average 1.8 billion people internationally with the vast 
majority being children under the age of 18. Being parasitic worms, these helminths feed off the 
child’s body, absorbing nutrients from the gastro-intestinal tract and from blood vessels. This leaves 
a child malnourished and anaemic especially in lower socioeconomic communities where access to 
a nutritious and varied diet is neither readily available nor accessible. This paper examined the 
relationship between the socioeconomic and pathophysiological impacts of helminth infections on a 
child’s physical and cognitive developments. It looked at the role that poverty and malnutrition 
played in the onset of cognitive and physical developmental delays. It also discussed the role of 
parasitic infection intensity on the severity of poor growth outcomes. A causal loop diagram was 
used to demonstrate the intricate relationship between STH infection, poor sanitation, negative 
growth outcomes and the vicious cycle of reinfection. The paper demonstrated a vast consensus of 
sources are in agreement that soil transmitted helminths are driven by poor sanitation and hygiene, 
often a result of poor socioeconomic standings, and have major impacts on a child’s physiological 
and cognitive growth. This paper concluded because of the socioeconomic drivers, the 
pathophysiological impacts of helminth infections are far greater on children from low 
socioeconomic backgrounds than on children from upper socioeconomic backgrounds. 
Furthermore, it concluded that if any intervention is to be successful in reducing the prevalence and 
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intensity of these infections, sanitation, hygiene and health education concerns need to be addressed 
in order to effectively disrupt the vicious reinfection cycle.  
 
Introduction 
 
Helminth infections are amongst the world’s most prevalent infections (1). These infections enter 
the body by the ingestion of eggs often released into the soil via the urine (schistosomes) or stools 
(soil transmitted helminths) of those infected. After infection, helminths line themselves along the 
intestinal walls and absorb essential nutrients from the food the host consumes and their blood 
vessels (2). This leads to severe malnutrition among children in low and middle income 
socioeconomic backgrounds, where access to a nutritional and varied diet is restricted due to 
poverty (3). This type of helminth induced malnutrition can potentially impact a child’s cognitive 
and physical development (4). The studies examined have demonstrated a link between 
helminthiasis and the physical and cognitive under-development of children due to malnutrition and 
poor schooling attendance resulting from children feeling lethargic (5).  The most commonly 
acknowledged helminth infections are the soil transmitted helminths (STH), and therefore Ascaris 
lumbricoides (round worm), Trichuris trichiura (whipworm) and Necator americanus and 
Ancylostoma duodenale (hookworm) are discussed in this review (2, 6). For the purpose of this 
review all references to helminths and helminth infections should be regarded as STH infections 
unless otherwise stated. 
This paper clarified the relationships and roles that STH infections play on a child’s cognitive and 
physical development. The causal pathway that links helminth infections to child developmental 
impairment, with a primary focus on the cognitive and physical developments of children from 
families from lower socioeconomic backgrounds is clarified. This includes an analyses within an 
integrated pathophysiological and socioeconomic context rather than separately as most previous 
studies have done. The relationship is demonstrated through a causal loop diagram, which 
incorporates identified sociological and physiological factors that relate to the impact of helminth 
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infections on child’s cognitive and physical development. An attempt has been made to establish a 
relationship between the impact of helminth infections on a child’s cognitive ability, physical health 
as well as their potential future socioeconomic standing. Thus this paper maps out the potential 
impacts of helminth infections on a child’s life course and future pathways.  
Public health academics have labelled helminth infections as being a neglected tropical disease; 
however in endemic nations these infections are being given full acknowledgment due to their 
impact on the people. As demonstrated in this paper, the impacts of helminth infections on the 
cognitive and physical development can be devastating.  
International aid agencies, bilateral and multi-lateral agencies and local charities have been utilising 
mass drug administration (MDA) strategies in an attempt to control and eliminate STH infections in 
endemic regions (7-10). MDA programmes are designed to deliver anthelminthic drugs, mainly 
Albendazole (ABZ), to all children in endemic areas, annually. 
It is anticipated that the information derived from this paper may be used to develop adequate and 
effective public health policies for interventions in helminth endemic settings. Though some of this 
information is already well known, the visual portrayal of the aforementioned relationships with 
STH infections will help better conceptualise the relationships between poverty, sanitation and poor 
health outcomes in children with STH infections. 
 
Burden of Disease 
 
STH infections affect approximately 1.8 billion people internationally (2, 6, 11-16)  with up to 4.2 
billion people at risk of infection per year (6). People at risk of contracting STH infections are those 
that live in regions where poor sanitation and hygiene practices are most common. The 
epidemiology and demography of each type of worm infection varies considerably based on 
different sources due to data being collected from various international settings. However, most 
sources agree that Ascaris lumbricoides has the highest infection rate ranging from 800 million to 
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1.2 billion people per year (2, 17), with 34% being 14 years and younger (6). Table 4.1 shows a 
breakdown of infections based on age groups and helminth type.  
 
Table 4. 1: Number of  infections in millions, broken down into age categories (6) 
 
The prevalence of T. trichiura is slightly less than that of A. lumbricoides (2) which could be a 
result of significantly fewer eggs laid by the female T. trichiura worm in comparison to the Ascaris 
female (2). Trichuriasis infections range from 600 – 795 million infections per year (2, 6). Necator 
americanus and Ancylostoma duodenale are both different species of hookworm. Unfortunately, all 
of the 17 articles reviewed relating to hookworm grouped hookworm into a single category and did 
not specify the prevalence of Necator americanus and Ancylostoma duodenale separately. This may 
be due to similarities between these species in terms of life cycle and physical features. For 
example, the eggs produced from both parasites are indistinguishable by low to moderately powered 
microscopes which are often used in field stool examinations (2, 18). One main discerning feature 
between the two parasites is the number of eggs laid per day. For Necator americanus is up to 
10,000 eggs per day and for Ancylostoma duodenale is up to 30,000 eggs per day (2). Together 
hookworms infect approximately 740 million per year (6). Routes of transmission for Ascariasis 
and Trichuriasis have been identified as being through the oral ingestion of STH eggs from 
contaminated soil (3, 19).  Hookworms, unlike round and whip worms, exist in larval form in the 
soil and enter the body by burrowing through the skin and travelling through blood and lymphatic 
vessels before reaching the oesophagus and being swallowed into the gastro-intestinal tract (2, 20), 
Helminth Age 
0-4 years 
Age 
5-9 years 
Age 
10-14 years 
Age 
15 + years 
Total 
Ascariasis 122 143 144 812 1221 
Trichuriasis 86 98 96 514 795 
Hookworm 21 50 85 584 740 
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after which they feed off the blood and its nutrients directly. This often results in higher incidences 
of anaemia and malnutrition (3). Studies have shown that the demographic most at risk of 
contracting one form of these three helminths are those aged 15 years and under (2, 6, 21). This is 
because children at this age are more prone to exposure from contaminated soil and low 
hygiene/poor sanitation settings such as classrooms, playgrounds and agricultural land where 
exposed soil and favourable environmental conditions increase the risk of contracting of one or 
more of the STH parasites (2). 
 
Methods of Research 
 
This literature review was conducted using the following databases including Medline, Ovid, 
PubMed, ScienceDirect, the Lancet and the Cochrane library for publications on helminth infections 
and child development.  These databases, along with others that were used, were accessed using the 
University of Sydney’s electronic database library as well as the University of Queensland’s 
electronic library catalogue.  Though numerous databases exist which may have been used to obtain 
more data, only databases which were accessible through the aforementioned electronic database 
libraries were used.  Other appropriate literatures were sourced from Google Scholar search engine 
and state library catalogues. All key words used were in English and no other languages were used 
for the compilation of the database of articles reviewed in this paper. The following key words and 
their varied combinations were used in the search: helminth + child development, cognitive 
development, geohelminths, helminthiasis, malnutrition, mental development, helminth infections, 
IQ, child development, mental ability, worm infections, ascariasis, trichuriasis, hookworms, 
economics, socioeconomic, pathophysiological impact, immunity, maternal, infants, school age, 
development, growth, stunting, wasting, anaemia and demographics, school performance, 
pathophysiology, developing countries, low income nations, middle income nations, and physical 
development. 
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Search results revealed and examined were not limited to journal articles but also included news 
reports, reviews, books, journal articles, lab reports and randomly controlled trial (RCT) reports. A 
total of 70 articles have been reviewed relating to helminth infections and their impacts on a child’s 
physical and cognitive development as well as malnutrition, anaemia and the role of maternal health 
on a child’s health. 
A time frame limit was implemented whereby no articles on the role of helminths in cognitive and 
physical development predating 1990 were used. This was done to minimise historical inaccuracies 
regarding the infections and the out-dated methods of treatment that would have also been used to 
justify arguments in such articles.  This time frame was also used to coincide with the Millennium 
Development Goals (MDGs) baseline date as they provide adequate baseline on malnutrition, 
infectious disease and infant morbidity data which are all related to helminth infections. Relevant 
epidemiological data on infectious disease induced malnutrition, and their impact on infant 
mortality and morbidity, may be correlated with helminth infection data to help identify whether a 
link exists among these conditions and their potential impacts on child mortality and morbidity 
rates. 
Further data analysis has been done to determine impacts on a child’s cognitive and physical 
development within a framework that discusses pathophysiological and socioeconomic 
determinants. Figure 1 shows a flowchart documenting the process in which the articles were 
selected, exclusion criteria used and how the final articles were included. 
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Figure 4. 1: Flowchart documenting the systematic process in which the articles were selected, exclusion criteria used 
to select the final articles included 
 
 
Limitations of Methods 
 
Several articles that were originally in languages other than English were included, however priority 
was given to English translations for the purpose of this paper. This is a limitation because articles 
published in languages other than English primarily focus on helminths in their respective national 
settings and may contain critical insights on the role of helminth infections on a child’s 
development in a specific contextual setting. Thus a contextual comparison is not possible at this 
stage, however desirable it might be. 
Furthermore, only the above mentioned databases were used to search for articles. Due to the 
volume of databases, relevant articles that may have existed in unsearched databases have been 
excluded from this review.  
Returned with 70 articles
Returned with 144 articles
artciles selected based on other key words mentioned 
Returned with  364 articles
refined with further criteria
refined using keywords: ascariasis, trichuriasis and 
hookworm
Returned with  1997 results
refined with exclusion criteria
Exclusion criteria: english articles, post 1990, peer 
reviewed, newspapers and magazines
Initial search using key words: Helminth infections, child development
resulted in 11 001 refined using: cognitive,  physical,  intelligence
96 
 
Results 
 
Out of the 70 articles reviewed, 52 focused on helminth infections, 30 of these focused on 
Ascariasis and Trichuriasis whilst 22 focused on hookworm infections. The other 18 articles 
discussed issues relating to helminth infections such as malnutrition, socioeconomics, maternal 
health, natural cognitive and physical development of a child, cognitive testing of a child and 
epidemiological data. 
Based on the literature reviewed, 5 key themes have emerged which relate to both socioeconomic 
and pathophysiological relationships of helminth infections and a child’s physical and cognitive 
development. These themes are as follows: 
1. Pathophysiological impacts on child development 
2. Pathophysiological impacts based on developmental milestone 
3. Socioeconomic impacts of helminth infections 
4. Pathophysiological and socioeconomic relationships of helminth infections 
5. Effects of parasitic loading on child development. 
Regarding the first theme – pathophysiological impacts on child development – 14 articles looked at 
the direct impact of helminth infections on a child’s physiology and the concurrent impact on 
development. All 14 sources concluded that helminth induced malnutrition was responsible for 
developmental delays to a child’s physiology. Contentious issues observed in these articles were: 
drivers of these pathophysiological responses and why these three different helminths affected the 
body differently. All of these articles attributed poor sanitation and poor hygiene to the proliferation 
of helminth infections. 
Similar to the first theme, the second theme elaborated and dwelled deeper on the 
pathophysiological impacts of helminth infections based on three distinct developmental milestones 
of a child’s life, namely: the perinatal phase; the infancy phase; and the school age phase. Thirty 
articles were reviewed which tied into these three phases. These articles looked at the 
pathophysiological impact of these parasites at each of these three phases, and described the roles of 
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mothers, schools and environments in either promoting or hindering a child’s healthy development. 
The key issues observed were: how to effectively assess the cognitive ability and percentage of 
impairment of a child infected with helminths and how to establish an appropriate and culturally 
sensitive baseline for these tests. 
Seven articles were reviewed for the third theme which looked at the socioeconomic impact of 
helminth infections on children and their families. This section examined the contributions of 
Disability Adjusted Life Years lost due to helminth infections and correlated this to loss of income 
and loss of potential. Issues raised were region specific and cannot be generalised across all cultural 
settings. It also highlighted the role of poor sanitation, poor hygiene and poor governance in 
contributing to these negative impacts. 
The fourth theme highlighted the relationships between the socioeconomic and pathophysiological 
impacts of helminth infections on a child’s physical and cognitive development. This was done 
through a causal loop diagram. Nineteen articles were reviewed in the formulation of this section, 
each drawing on a single element of the causal loop diagram. One prominent issue was the use of a 
valid assessment for the potential impact of helminths on a child’s future. 
The last theme looked at the roles of parasitic loading on a child’s physical and cognitive 
development. It examined the relationships between all three helminth species and their impacts on 
a child’s health. Twenty-eight articles were reviewed for this theme. A salient point raised in all 
articles was that the adverse impact of helminths on a child’s health was maximised when the child 
was infected with more than one helminth.  
 
Discussion 
Pathophysiological Impacts on Child Development 
 
Although STH infections are not a deadly infection, they do however deprive the host of essential 
nutrients from the blood due to the parasites’ affinity for these nutrients and its need to reproduce 
inside a host (3), consequently resulting in a higher morbidity rate rather than a mortality rate. 
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Helminths reproduce inside the hosts’ gastro-intestinal tract and release their eggs into the faeces as 
they pass through their site of attachment. In resource poor settings, where lack of basic sanitation 
infrastructure is most common, this often results in large scale contamination of soil with infected 
faecal matter. This results in a much greater risk of infection either by the faecal-oral transmission 
route (round worm and whip worm) or permeation through contact with exposed skin (hook worm). 
Helminth parasitic loads are associated with the number of eggs present per gram of faecal matter 
and these values vary between parasites (22). These values can be seen in table 4.2. 
 
Table 4. 2: Helminth Parasitic loads per STH parasite (45). 
Parasite Load  
 
Parasitic Concentration  
(eggs per gram of faeces) -A. 
lumbricoides 
Parasitic Concentration  
(eggs per gram of faeces) – T. 
trichiura 
Parasitic Concentration  
(eggs per gram of faeces) - 
Hookworm 
Light  1 - 4999 1 - 999 1 – 1999 
Moderate 5000 - 49999 1000 – 9999 2000 – 3999 
Heavy  >50000 >10000 >4000 
 
As table 4.1 previously demonstrated, the majority of those infected with helminths are children 
under the age of 18. STH infections in children under 18 years of age pose a significant threat to 
their physical development as every growing milestone that a child passes through on their journey 
to becoming an adult occurs before the age of 18 (23-25). The malnourishing nature of helminth 
infections in children furthermore poses a threat to a child’s mental ability as he/she will lack the 
ability to concentrate and retain information due to helminth induced lethargia (1). It is therefore 
necessary to examine the effects and impacts of helminth infections on a child’s development 
through the milestones of these three distinctive phases. 
 Child development in this context will refer to both the physical and cognitive development of a 
child based on 3 phases of life. Physical development will be based on the WHO nutritional 
guidelines of child development which include height for weight, weight for age and height for age 
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anthropometric measurements (26). Intellectual development will be based on a child’s overall 
ability and performance in schooling environments (20, 27).  
Pathophysiological Impacts Based on a Child’s Developmental Milestones 
 
The three phases of child development examined in this review paper are reliant on the age of the 
child and in some instances also include the nutritional status of the mother. The first phase is the 
perinatal (maternal phase). In the perinatal (maternal phase), the review looked at peri and neonatal 
stage of life and the roles of maternal health on the child’s development in-utero and post-partum 
(4).  
The second phase is the infancy stage which ranges from the moment the child is no longer reliant 
on the mother’s breast milk for food but before the child starts mainstream education. The ages are 
roughly 2  to 4 years of age (23). This phase also takes into consideration capacity of family to 
provide nutritional diets and the overall socioeconomic status of the family. 
The final stage discussed is the school aged phase in which the child’s health status is examined 
based on their nutritional index as well as the child’s school attendance and performance (20). 
These three phases are examined individually, and their causal relationships to child development 
and helminth infections is established to aid  drawing of the causal loop diagram. 
Phase 1: Perinatal Phase 
 
The Perinatal phase of a child’s development is one in which the mother’s health, dietary habits and 
nutritional status are of paramount importance (28-30). Because of the child’s heavy dependence on 
the mother’s milk for nutrition and sustenance, a malnourished mother is less likely to be able to 
provide the child with the required nutrients to help sustain growth. Furthermore studies have 
shown that a mother’s parasitic load determines whether or not a child can contract a helminth 
infection from their mother (2). Additionally an anaemic and malnourished mother is less likely to 
produce enough nutritious breast milk for the child (4, 29, 31), often leaving the child hungry, under 
nourished and lacking the key nutritional building blocks for their physical and mental growth (32). 
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There is a significant lack of articles and research into the perinatal phase. Out of all the articles 
reviewed there were only three articles (2, 4, 32) which touched upon the role and interactions of 
helminth infections on foetal and newly born children. This lack of research poses a major threat to 
the understanding of helminth infections and the role the mother, who is often malnourished, plays 
in the physical and cognitive development of the child. There is extensive evidence which suggests 
that an infant’s developmental ability is directly proportional to the mother’s nutritional status (30). 
It has been demonstrated that the mother’s health is critical in the development of the foetus as well 
as the development of the child after birth (29, 30). There is a directly proportional correlation 
between the health of the mother and the health of the child. If the mother is healthy then it is highly 
likely that the child will also be healthy, and if the mother’s health is poor then it is likely that the 
child will also be of poor health, including malnourished (undernourished), stunted, wasted and 
underweight (30). 
Rates of helminthiasis are relatively high in low and middle income settings, which tend to coincide 
with areas of high birth rates; such as in Brazil or Bolivia and most Sub-Saharan African Nations. In 
these areas mothers are often undernourished and anaemic due to lack of access to a nutritional and 
varied diet (21, 33-35). Combining this malnutrition with a helminth infection such as hookworm, 
which even in a light infection load can be detrimental to the health of a person, the pregnant 
mother is often left underweight and almost wasted thus increasing her risk of maternal 
complications as well as increasing the risk that her child will be born underweight and pre-term 
(31, 36, 37). Some sources argue that this is one of the reasons why maternal deaths and child 
mortality rates (as projected by the MDGs) are still quite high in such countries (37) .  
The risks posed to underweight mothers and their children are extensive and are in most instances 
life threatening especially if the mother is anaemic. The risk of haemorrhaging during and after 
birth coupled with risks for infections grow exponentially with the decline in the mother’s 
nutritional status, weight and haemoglobin levels (28). Furthermore her potential to properly 
nourish her child will be severely hindered thus also increasing the risk of infections for her child 
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(31). Thus the mother’s health and infection status is an essential part of the helminth causal 
pathway equation that must be considered in any intervention programme. 
Phase 2: Infancy Phase 
 
The infancy phase primarily begins when the child is no longer reliant on the mother’s breast milk 
for sustenance and can begin obtaining their nutritional requirements from other sources. 
Fortunately, wider research has been conducted on children of this age as compared to children in 
the phase 1 developmental cycle. According to numerous articles (4, 17, 21, 27, 38-40), these 
children are at risk of malnutrition related developmental delays. Testing of cognitive progression is 
fairly difficult at this age because there is no established baseline for the child (41, 42). It is 
therefore more difficult to establish the true impact of this helminth induced malnutrition on the 
child’s cognitive development (43). The impacts of helminths on a child’s physical development are 
well documented as it is identical to poverty induced malnutrition. In fact often the helminth 
induced malnutrition only exists because of contextual poverty and lack of access to a nutritious and 
a varied diet (2, 44, 45). The only documented instances of malnutrition in children from an average 
income family bracket are that of children with heavy ascariasis, trichuriasis and hookworm 
infections (2). This demonstrates that ascariasis and trichuriasis related delays in physical and 
cognitive ability are actually preventable as these problems stem from socioeconomic issues with 
significant pathophysiological implications. Although ascariasis, trichuriasis and hookworm 
infections affect a child’s development, the incidence of the heavy parasitic load needed for both 
ascariasis and trichuriasis are rare (0.35% prevalence) (11, 46). The issue with hookworm infections 
and their role in child developmental delays lie in their route of infection and their preferred source 
of feeding in the gastro-intestinal tract. Hookworms prefer to feed directly from blood vessels in the 
duodenum and the large intestine thus draining the body of essential blood borne nutrients and iron 
(2, 44). This is why even with a light parasitic load, hookworm can be detrimental to a child’s 
health and their ability to grow mentally and physically (2). The avenue related to cognitive delays 
with hookworm, is two-fold: 
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• the child has reduced ability to attend school due to malnutrition induced lethargia, and 
• their body’s natural physiological response to anaemia and malnutrition is to preserve all 
available vital nutrients for survival rather than for growth and development (21, 35, 38).  
A child with helminth induced undernutrition is likely to be more than 2kg under the average 
weight for age measurement, 5cm under the average height for age, and belonging to the 
underweight spectrum for the height for weight measurement (47). 
Phase 3: School Age Phase 
 
School age children are most at risk of helminth infections (6, 21, 35, 48, 49) and as such in a 
poverty setting where a varied diet is not available, are also prone to malnutrition, anaemia and 
subsequent associated cognitive developmental delays.  However according to 55% of sources (2, 3, 
5, 11, 20, 26, 27, 33, 48, 50) these delays are reversible. With the right interventions after 
deworming, the child can regain most of their delayed mental and physical capabilities (1, 19, 33). 
The impacts of these infections on puberty are more profound with more permanent stunting taking 
place with heavy helminth infections (51-53). Extensive research has been conducted on this phase 
of a child’s life cycle with the impacts of helminth infections on development in this phase well 
documented (54). However, there is much contradiction in the findings. There is a significant lack 
of conclusive evidence on the true impact of helminth infections on the cognitive development of a 
child. Some articles such as Taylor-Robinson et al (19) – a mtea-analysis of 45 articles determined 
that there was insufficient evidence to determine whether treatment had an impact on a child’s 
cognitive function at all, whilst other articles such as Stoltzfus et al’s article demonstrates a weak 
but evident relationship between helminth infections and cognitive development (27). That said, 
most authors have agreed that helminth infections almost always impact on a child’s physical 
development (2, 19, 32, 33, 38) with the main culprit being helminth induced and 
socioeconomically driven malnutrition and anaemia.   
Unlike children in the first 2 phases of their development, school aged children are significantly 
more prone to helminth infections due to increased exposure to contaminated soil via play time 
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during school hours (1, 2). The increased risk of, and prevalence of, helminth infections in school 
aged children, coupled with the often poor sanitation and hygiene conditions present in many low 
income primary and secondary schools, often means there is a high possibility the soil within school 
grounds will be contaminated with faecal transmitted helminth. Since children by nature are more 
likely to play in these contaminated sites, their risk of contracting a helminth infection either by 
ingestion or via their skin is exponentially greater than that of a person who is not exposed to 
contaminated soil (19, 49, 54, 55). Furthermore, the child’s potential to transmit these infections to 
the rest of their family and other peers is also very high especially in instances of poor sanitation 
and poor hygiene practices. Soil contamination via public defecation is highly prevalent (11). 
Socioeconomic Impacts of Helminth Infections 
 
Helminth infections are very much poverty driven diseases. They are significantly more prevalent in 
the developing world and are most common in areas where sanitation and hygiene are very poor, 
indicating that this disease is very closely linked to the socioeconomic standing of a place (15, 29, 
38,46, 56, 57). 
It has been estimated that on average globally since the year 2000, helminths account for 39 million 
DALYs (Disability Adjusted Life Years Lost) (38), with hookworm infections contributing to 22.1 
million DALYs, ascariasis 10.5 million DALYs and  trichuriasis 6.4 million DALYs (38). These 
very large DALY scores for STH infections are indicative and inclusive of all co-morbidities 
associated with STH infections such as anaemia, poor growth outcomes and higher risks of bacterial 
infections. This correlates to billions of dollars’ worth of lost income to impoverished households 
and millions of productive and innovative years lost because of these parasites. Stephenson et al. 
(38), argue that a primary reason for this large DALYs number is because of the severity of the 
helminth induced malnutrition and anaemia these parasites are known to cause. This reinforces 
Prescott and Jancloes argument that helminths are a poverty driven disease and primarily a burden 
of the poor (58).  
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Helminth induced malnutrition has a great potential to impact the future life course of a child if not 
addressed properly. A malnourished child is less likely to attend school, less likely to attend a higher 
education provider and is less likely to obtain and maintain a long term well-paying job.  Helminths 
ultimately lock a child’s future into a vicious poverty cycle (59-62), where their quality of life and 
ability to contribute to society are severely limited due to chronic lethargy, poor concentration, and 
respiratory and cardiac problems associated with severe malnutrition and anaemia. Thus the 
socioeconomic implications of helminth infections are long lasting and closely correlated with the 
physiological implications and their impact on a child’s development.  
Although it is assumed that helminth infections are reserved for the developing world, it has been 
discovered that urban slums, ghettos and indigenous populations in more developed and higher 
socioeconomic nations are also prone to helminth infections, especially if hygiene practices and 
access to proper sanitation are poor (40). This is especially true in nations such as India, and the 
United States where urban slums are quiet common and where hygiene practices and sanitation 
practices are poor or subpar for a higher socioeconomic nation (13, 19). 
This reiterates the idea that the driving force behind the high prevalence and incidence of helminth 
infections in endemic areas are socioeconomic issues, such as the lack of proper sanitation 
infrastructure, poor hygiene practices and poverty leading to an inability to access a nutritionally 
rich and varied diet. These socioeconomic issues contribute to a child’s inability to naturally grow 
both mentally and physically. 
Pathophysiological and Socioeconomic Relationships of Helminth Infections 
 
In order to visually demonstrate the relationship between the pathophysiological and socioeconomic 
impacts of helminth infections on child development a causal loop diagram was developed. This 
causal loop diagram was drawn using computer simulation software called Vensim (Ventana 
Systems Inc.) which is commonly used to develop Bayesian networks. Though the causal loop 
diagram is an element of Bayesian networks, this diagram was not intended to be a Bayesian 
network analysis but rather capture the flow and directionality of the STH infection cycle and the 
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impacts of helminths on the pathophysiological and socioeconomic outcomes of an infected child. If 
future Bayesian network analysis on this relationship is to be conducted, this causal loop diagram 
can act as the foundation to this analysis and as such this software can be used to easily expand on 
the diagram. Furthermore, input of variables in order to produce a Bayesian flow diagram has been 
made easier for future use.  
The causal loop diagram (figure 4.1) demonstrates the relationship between helminth infections, 
anaemia, malnutrition, poverty, income, sanitation infrastructure and soil quality (exposed and 
contaminated soils increase risk of infections). It also looks at the potential impact of these on a 
child’s life course and future outcomes in terms of career, education and contributions back to 
society. This causal loop diagram is a tool to visually display the relationship of all 
pathophysiological and socioeconomic factors related to helminth infections and their role in either 
promoting or hindering a child’s cognitive and physical development. 
The diagram demonstrates the intricate relationship between impacts of poverty and opportunity on 
the health of a child. Furthermore, it emphasizes the role that helminths play in the continued 
poverty cycle. The loop also fascinatingly demonstrates the ideal locations for interventions to be 
conducted which would allow for the disruption of the loop. 
The loop demonstrates the impacts socioeconomics play on the pathophysiological systems of a 
child’s life. It also demonstrates the impacts of the pathophysiological effects of helminths on the 
socioeconomic situation of a child and their potential future. All data used in drawing this loop were 
derived from articles mentioned in this paper.  
With helminth infections being so widespread internationally, there is a dire need for the further 
study of the true effect of helminth infections on the cognitive and physical development of a child. 
As the causal loop demonstrates, there are numerous factors which need to be considered when 
studying the impacts of helminth infections, thus studying their effects through either a purely 
socioeconomic or purely pathophysiological perspective is redundant as this will always exclude 
critical elements responsible for the physical and cognitive delays in development in children. The 
106 
 
causal loop diagram also demonstrates the interconnected nature between socioeconomics, 
pathophysiology and their impacts on a child’s life path. This relationship is critical in better 
understanding how to best address helminth infections in children, but more importantly how to 
address this critical contributing factor in the poverty cycle.  
This diagram is composed of four separate loops; three reinforcing loops indicated by the + sign 
with an anticlockwise arrow around it, and a balancing loop indicated by the – sign and the counter-
clockwise arrow around it. The reinforcing loops reinforce the growth of a trend whilst the 
balancing loop attempts to balance the system to maintain equilibrium. Loop arrows with a + 
moving in the same direction as the next variable increase the concentration of helminth eggs in the 
soil, for example as in the case of public defecation. Arrows with a – moving in the opposite 
direction of the original variable decrease nutrients available for the body to use, as is the case for 
helminths absorbing iron and nutrients from the blood.  
Causal loop A demonstrates the greater outer ring of the diagram. This loop looks at how lack of 
sanitation available to communities promotes the contamination of soil with STH eggs and larvae. It 
also captures the wider impact of STH infections on a child’s development and future outcomes. 
Causal loop B represents the biological processes for the infection and reinfection of children in at 
risk environments. Loop C details how helminth infections may cause malnutrition and induce 
anaemia. Loop D details how STH infections may contribute to cognitive and physical growth 
delays and how they start the vicious cycle of economic hindrances and decay for the infected 
families.  
The two stars represent sites where MDA programmes are most likely to disrupt or stop the cycles 
from progressing. Because MDA programmes alone only help reduce the prevalence and intensity 
of infections without completely eliminating the parasites from the environment, the disruptions to 
the causal loops are primarily focused on the reduction in co-morbidities such as the onset of 
anaemia and the development of cognitive delays. However this disruption is enough to give a child 
a chance at implementing the necessary political and economic changes needed at a later stage in 
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life. This is because the child no longer has the debilitating co-morbidities preventing them from 
achieving their educational and economic potentials, thus reducing the value and weighing of 
DALYs being contributed per child.  
Through the diagram and the existence of 3 reinforcing loops to only 1 balancing loop, it is evident 
that unless this cycle is disrupted by another balancing loop, the incidence and prevalence of 
helminth infections and their negative impacts of a child’s development will only continue to grow. 
Furthermore, through the relationships demonstrated in the causal loop diagram it has become 
evident that helminth infections do not only affect a child’s childhood growth but in fact impact 
greatly on a child’s entire life course if they are not addressed accordingly. 
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 Figure 4. 2: Causal loop diagram of socioeconomical and pathophysiological impacts of helminths on a child’s 
development.
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Although 30% of studies suggest that helminth infections have no impact on a child’s 
cognitive development, the evidence suggesting that helminth infections, depending on the 
severity and socioeconomic background, can cause malnutrition are extensive with 70% of 
sources stating such. Furthermore, the same sources indicate that this helminth induced 
malnutrition is also responsible for the physical developmental delays observed in infected 
children. This is indicative of the pathway in which STH infections potentially cause 
cognitive delays (1, 2, 4, 5, 11, 21, 26, 35, 38, 50, 55, 63, 64).  
Although malnutrition may be directly responsible for the physical developmental delays and 
elements of the cognitive developmental delays, in reality the context and causes of this 
malnutrition is not solely due to the helminth infections. In fact, according to Jardim – 
Botelho et al and Stephenson et al, malnutrition in these settings often has its roots in the poor 
socioeconomic standing of the family, rather than solely the responsibility of the helminth 
infection (21, 38). 
In numerous instances, children with light ascariasis or trichuriasis parasitic loads became 
malnourished due to the lack of access to a varied and substantially nutritious diet. In a non-
impoverished scenario, children with such a load did not demonstrate any signs of 
malnutrition or developmental delays as their bodies were still receiving the essential 
nutrients from their varied diets (65, 66), that is, children from good SES backgrounds were 
at lower risk of associated morbidity (13). This is also one of the reasons why helminth 
infections have low prevalence rates in more developed economic settings.  Access to 
adequate health services exacerbate an already prominent problem in lower socioeconomic 
settings, as the cost to treat such helminth infections might exceed the daily income of a 
household in an impoverished setting (44).  
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Thus this causal loop diagram demonstrates the intricate nature of socioeconomics and the 
role they play in manipulating the pathophysiological impact of helminth infections and how, 
together, they impact a child’s physical and cognitive development.  
Effects of Variable Parasitic loads on a Child’s Development 
 
Ascaris lumbricoides 
 
Studies have shown that a light ascariasis parasitic load can actually have a protective effect 
on a child, protecting them from cerebral malaria as well as increasing their immune response 
to other pathogens (22, 65, 67). However, this is heavily reliant on the nutrient intake of the 
child and conditional upon the child having a stable and substantially healthy diet in order for 
this positive effect to take place. The fact that this specific genus of helminth can have 
positive impacts on the physiology of a child is a very insightful issue regarding the role that 
ascariasis can play in the long term sustainability of this strain in helminth infections in the 
world today. Out of the three different classifications of worms (roundworm, whipworm and 
hookworm) ascariasis demonstrated the least impact on a child’s cognitive and physical 
development in light to moderate loads. In heavy loads ascariasis demonstrated a lesser 
impact on the growth of a child when compared to trichuriasis and hookworm infection (1, 2, 
20). 
The impact demonstrated by ascariasis on the cognitive development and ability of a child in 
a light to moderate load was statistically insignificant (19). In fact, in one study the children 
lightly to moderately infected with ascariasis out-performed their uninfected counterparts in 
numerical and non-verbal reasoning but underperformed in the verbal language skills when 
compared to their uninfected counterparts (20). In this study, children deemed to have a 
heavy parasitic load demonstrated a significant reduction in their cognitive ability in all the 
tests conducted in comparison to the uninfected counterparts (20). These developmental 
delays were found to be reversible after treatment, but were highly reliant on the child 
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remaining worm free after their treatment (5, 27, 38, 68). Unfortunately no time period has 
been specified for this worm free period after treatment for which the child would be able to 
recover their delayed cognitive ability. 
Research (2, 5, 19, 27) has demonstrated that children go through a physical and cognitive 
growth spurt after deworming. The amount of potential growth lost is difficult to accurately 
calculate and thus it is unsure how much physical and cognitive growth potential the child 
may have lost due to this infection.  In comparison, a heavy infection load of ascariasis will 
leave a child, regardless of nutritional and economic background, malnourished, often stunted 
and cognitively delayed (69). Seventy five percent of articles reviewed have stated that the 
most common infection loads are the light to moderate loads representing a total of 97% of 
infection rates, whilst heavy parasitic loads are rare, representing only 3% of the total 
infected population (1, 2, 21).  
Finally, treatment for ascariasis and trichuriasis are more economical, being less than $0.03 
per child compared to treatments for hookworm infections (70). Though the same drug, 
Albendazole, is used for all three parasites in MDA programmes, the efficacy of the drug on 
trichuriasis and hookworm infections is lower than that on ascariasis (18, 71). The issue with 
the treatment of ascariasis, as well as other worm infections, and as demonstrated in the 
causal loop diagram, is that it is relatively easy to be re-infected with these worms. This is 
particularly the case if the sources of the infections, being poor sanitation and inadequate 
hygiene practices, are not addressed properly. Helminths are transmitted via the 
contamination of soil with infected faecal matter as well as transmission through the faecal-
oral route Therefore addressing these avenues coupled with mass deworming of adults and 
children will significantly limit and decrease the incidence and prevalence of helminth 
infections in endemic areas. This will also cost less than the long term deworming of children 
only, who continuously contract these worm infections after being treated (57). 
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Trichuris Trichiura  
According to the literature reviewed (2, 38, 65) trichuriasis has a greater impact on a child’s 
cognitive and physical development compared to ascariasis but has a smaller impact than 
hookworm infections. Interestingly, trichuriasis impacts the body differently to ascariasis, 
and can cause numerous secondary problems such as asthma, cardiac problems and the 
increased risk of respiratory infections (2). Trichuriasis has been demonstrated to cause cases 
of asthma as a secondary interaction of the helminth infection with the physiology of the 
body (2). Like ascariasis, little to no significant changes in a child’s cognitive ability and 
development were demonstrated or observed in children with light to moderate infection 
loads (1, 2, 20).  However the impact of light and moderate infection loads on their physical 
development was much more dramatic than that of ascariasis.  Children on average were 
significantly shorter (+/- 7cm) and weighed lighter (+/- 2kg) than their uninfected 
counterparts (38).  
Furthermore the impact of a heavy parasitic load was devastating on a child’s physical 
development, with the rapid onset of anaemia, lethargy and severe malnutrition 
(undernutrition) demonstrated in children with a heavy infectious load (1, 2, 20, 22, 38). 
Similar to ascariasis, the distribution of infection loading is very bottom heavy with only 
approximately 2% of the total infected population carrying a heavy parasitic load (5, 54, 70). 
Children with heavy trichuriasis loads demonstrated a significant reduction in their cognitive 
ability as compared to their uninfected and lightly to moderately infected counter parts (1, 20, 
33, 50), suggesting again that although helminth infections can impact a child’s physical 
development with light to moderate loads, it is not until they reach a heavy load that their 
cognitive ability and development is hindered, thus reinforcing the notion that the impact on 
their cognitive abilities and development is proportional to the impact of these infections on a 
child’s nutritional status.  
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Multiple infections 
Mass treatment programmes targeted all STH’s together rather than each individually, as 
economically speaking it was more worthwhile to use a broad spectrum anti-helminthic (70, 
72). Evidence suggests that trichuriasis is actually much more potent in its impact on a child’s 
physical and cognitive development when coupled with another helminth infection (11, 46), 
with ascariasis and trichuriasis co-infections being more common but less potent than a 
trichuriasis and hookworm co-infection (11, 46). Multiple helminth infections have been 
unanimously agreed upon as being a key route of stunted child physical and cognitive 
development (1, 2, 6, 11, 20, 32, 33, 49). According to these sources, this is because the 
nutritional demands of these co-morbid helminth infections such as having ascariasis and 
trichuriasis, or trichuriasis and hookworm infection, or having all three helminth infections at 
the same time, are so great that it leaves the body severely malnourished. However 
considering that humans are the optimal hosts for helminth infections (2, 69, 73), it is usually 
not in the helminths nature to kill their host whom they require for their survival, instead they 
slowly drain the body of its essential nutrients and increasing the child’s DALY significantly 
(38), thus heavily contributing to high morbidity rates rather than high mortality rates. 
Hookworm is by far the most notorious of helminth infections, as its avenue for obtaining 
nutrients is directly from blood vessels rather than from intestinal absorption (2, 44) leaving 
the child severely anaemic as well as severely malnourished (4, 21, 38). Unlike ascariasis and 
trichuriasis, hookworms have demonstrated an impact on a child’s physical and cognitive 
development in all 3 levels of infection loading (4, 21, 38) and their route of infection is not 
necessarily reliant on the faecal-oral route. Instead hookworms, infect the body through 
burrowing into exposed skin upon contact with the larvae (2). It then travels through the 
blood vessels and lymphatic system and finally makes its way to the duodenum and gastro-
intestinal tract, where it will latch on to blood vessels and feed directly on the bloods’ 
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nutrients and iron, thus creating an iron and nutritional deficiency in the body of the infected 
individual (2). 
Hookworm 
 Children infected with hookworm in light, moderate or high loads, all demonstrated a 
significant reduction in their intellectual ability, and they also demonstrated a significant 
difference in their anthropometric measurements when compared to their uninfected and 
healthy counter-parts (2, 22, 44, 65). Furthermore, it has been reported that the treatment for 
hookworm on its own, is more expensive than the treatment for the other helminths, with a 
dose per child costing up to $0.20 in order to effectively kill the hookworm infections (70). 
This poses a problem in the treatment of hookworms similar to the problems in treatment 
against tuberculosis; ensuring the population has access to and are able to receive these 
treatments during specific times is a major hurdle in the treatment of hookworms (74). 
A single study has suggested that hookworms have developed acquired resistance against 
currently used drugs in animals (74). This will mean that an often more expensive and less 
easily accessible drug will be required to be distributed in the fight against hookworm 
infections. This will be challenging for heavily burdened economies of low and middle 
income nations. Hookworm infections will continue to rise significantly over the years if 
development and distribution of a new drug is delayed (44, 54, 70).  
Recommendations 
 
Based on the literature it has become increasingly clear that the ideal approach to dealing 
with helminth infections is to address the situations that create the spread of these parasitic 
infections. These conditions are related to poverty and include poor sanitation, poor hygiene 
practices and the lack of education on best farming and sanitary practices. All intervention 
studies reviewed (13, 33, 45, 57, 75) suggested that the education of people coupled with 
deworming demonstrated a significant decrease in the rate of re-infection after successful 
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deworming. Education is by far the most cost-effective and effective (2, 13, 56, 57, 75) 
approach to dealing with these parasitic infections. In a setting when poverty is rife, such as 
in low and middle income nations, education needs to be the primary tool complementing 
deworming efforts. This ensures that a) the children and adults remain worm free after 
deworming and  b) the soil remains contaminant free from faecal matter. This will in turn 
allow for an easier and more natural eradication effort of helminth infections by simply 
killing off their routes of infection. This education needs to be consistent and ongoing, as 
studies have shown people forget the purpose of the education for if left for too long, limiting 
effectiveness to the short term only (57).  
Improved hygiene and sanitation saw a corresponding decrease in the rates of infection and 
rates of reinfection of children (13, 15, 56, 57, 76). Further study is required to identify the 
best possible interventions for severe malnutrition experienced by those infected with 
helminth infections. This would ideally aim at answering questions such as: 
• Will multi-vitamin supplementation be sufficient in preventing severe malnutrition?  
• Will it be sufficient in addressing the delayed cognitive and physical growth of a child 
despite the helminth infection?, and  
• How should one best approach the eradication of helminth infections in very poor 
communities in endemic areas?  
Furthermore, due to some of the demonstrated health benefits of helminth infections, 
particularly ascariasis (65), more studies should be conducted on how to best derive benefit 
from these worms without exposing children and the general population to the harmful 
effects of helminth infections.  
Conclusion 
 
Helminth infections continue to be a major worldwide problem contributing to widespread 
disability and are especially hazardous to the development of children. The good news is that 
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with the right treatment and interventions most of the deficiencies caused by helminth 
infections are reversible (19, 27, 33), and in some instances ascariasis has demonstrated 
protective measures against cerebral malaria in light to medium parasitic load cases. Further 
research will be required to support this positive effect of Ascaris against this fatal strain of 
malaria. Although treatments are effective, there remains a problem with the rates and ease of 
reinfection, especially due to poor sanitation and poor hygiene, which are often closely linked 
to poverty. There were several limitations in the acquisition of data in development of this 
critical review, particularly the identification of relevant articles to include in this study. The 
purpose of this review article was not to be a systematic review nor a meta-analysis, but 
rather to discuss the pathophysiological and socioeconomic impacts of STH infections on a 
child’s development, and these have been clearly outlined.  
The causal loop diagram demonstrated the relationships between the socioeconomic and 
pathophysiological impacts of helminth infections on a child’s health and future life course. 
This relationship locks a child into a vicious poverty cycle and severely limits their life 
expectancy.  It is critical to allocate resources effectively and employ poverty-reduction 
strategies for helminth infections. The cost to treat a child with helminths is very inexpensive 
on a national scale, and thus no excuse should be made as to not treat these diseases. 
The true impact of these infections on the long term physical and cognitive development of a 
child are not well demonstrated nor have they been looked into comprehensively. However, a 
significant link may be drawn between the parasitic infections and their effects on a child’s 
development within the context of poverty, co-morbidities and other causative determinants. 
In reality if any effective intervention is to be run, it must consider socioeconomic roles 
played in the spread of helminth infections and not just the pathophysiological impacts, as the 
two are mutually reliant on each other. It is truly worrying to see that a child with a helminth 
infection from a high socioeconomic family may have a better health outcome than a child 
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with a helminth infection from a low socioeconomic family. Although they have contracted 
the same pathological infection, the former may not be as badly impacted as the latter, who 
will most likely develop severe malnutrition and its complications impacting on their growth 
and development.   Finally, further studies are required into the true impacts, the possible 
benefits of helminth infections, and the best avenue in dealing with them in highly endemic 
populations. 
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Article 
Reference 
Design/Study 
type 
Paper content Sampling Selection 
Issues 
Measurement 
Issues 
Confounders Results 
Ahmed et al.,  
2012 
Cross-sectional 
study with 
longitudinal 
follow ups 
Draws a link 
between poverty 
and helminth 
induced 
malnutrition 
Demonstrates a 
link between 
helminth 
infections and 
malnutrition and 
anaemia 
254 of 289 
students in 
Orang Asli 
school, 
Malaysia 
Non 
randomised, 
No  control 
identified 
Questionnaire 
allows for 
response error 
 
Significant lost 
to follow up 
Sanitation 
infrastructure 
not considered 
 
No competing 
interests were 
identified 
Poverty closely 
linked to higher 
rates of infection 
 
Infections often 
correlate with 
anaemia and 
undernutrition in 
children from 
impoverished 
households 
Albright et al., 
2005 
Ecological study Highlights new 
risk factors 
based on 
location and 
environmental 
and health 
5 schools, 
All students – 
517 students 
from grades 1 
to 6 in central 
Java, Indonesia 
Non – 
randomised 
selection 
 
No follow up 
Collected at a 
single point in 
time – no follow 
up and 
comparative 
studies 
Excluded 
nutritional 
elements of 
infection and 
focused 
primarily on the 
Educating children 
on hygiene 
behavioural 
practices is the 
best course of 
action for 
Annex: 
 
Table S4.1: Table critically appraising each of the 
70 articles found in this review. 
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factors which 
drive helminth 
infections in their 
hosts 
 
Excellent review 
of immunity and 
possible 
immunity boost 
(data collected 
once only) 
 
Questionnaires 
used on 
children 
 
No control 
groups 
behavioural and 
hygienic which 
can be 
characterised as 
socio-economic 
preventing 
reinfection or 
infection of 
helminths 
Atinmo et al., 
2009 
Auxiliary article Details the link 
between poverty 
and 
undernutrition  
N/A N/A N/A N/A Poverty and 
undernutrition 
correlate strongly 
together and need 
to be addressed 
internationally 
Asaolu and 
Ofoezie, 2003 
Desk review Details 
interventions 
with education 
and sanitation 
77 articles N/A N/A N/A Education 
interventions seen 
to be ineffective in 
long term if not 
continuously 
applied and taught 
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Benesh, 2011 Desk review Looks at the 
adaptive 
capabilities and 
interactions of 
helminths in 
human hosts 
118 articles N/A N/A N/A Helminths are very 
good at adapting 
to their human 
hosts and are 
mutually reliant on 
the survival of the 
host 
Bethony et al., 
2006 
Desk review Key information 
on key issues of 
helminth 
infections 
showing 
pathways of 
infection 
 
Excellent 
pathway 
diagrams and 
excellent age 
group 
breakdowns 
132 articles  N/A N/A One of the 
authors ‘Hortez’ 
is a patent 
holder of the 
Hookworm 
vaccine 
Review of 
approach to 
helminth treatment 
and eradication 
efforts needs to be 
conducted 
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Bleakley, 2007 Desk review Details the 
efforts needed 
and challenges 
faced with 
hookworm 
eradication 
25 articles N/A N/A N/A Hookworm poses 
a bigger threat in 
eradication efforts 
due to the nature 
of its infection 
route 
Development has 
aided in the 
reduction of 
hookworm 
infections 
internationally 
Bundy, 2004 Correspondence 
review 
Global impacts 
of helminth 
infections and 
demographics 
27 articles N/A N/A N/A Morbidity has been 
underestimated 
and a revaluation 
of the true impact 
of helminths 
should be re-
examined 
Chubb et al, 
2010 
Desk review Looks at the 
adaptive 
68 articles N/A N/A N/A Helminths increase 
their adaptability 
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capabilities and 
interactions of 
helminths in 
human hosts 
 
by increasing the 
number of eggs 
the females lay per 
day thus ensuring 
their survival 
Cooper et al., 
2004 
Analytical cross-
sectional study 
Identify risk 
factors for atopy 
among children 
living in rural 
areas in South 
America 
1002 of 1004 
children from 7 
rural schools 
recruited 
Non – 
randomised 
 
Lack of a 
control group 
Reasonable 
loss to follow up 
(0.2%) 
 
Standardised 
medical testing 
Socio-economic 
and 
pathophysiologi
cal examined 
together  
 
More emphasis 
on 
pathophysiologi
cal though – 
skews results 
Low-
socioeconomic 
level, 
overcrowding and 
helminth infections 
are protective 
against atopy 
among school 
aged children 
Cooper et al., 
2004 
Systematic 
review 
Looks at 
immunology and 
risks of 
infections with 
68 articles N/A N/A N/A More studies on 
the impact of 
hookworms on 
immunity need to 
be undertaken to 
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helminth 
infections 
understand the full 
extent of its 
disruption 
Crompton and 
Nesheim, 2002 
Desk review Assesses the 
impacts of 
helminths during 
the course of a 
person’s life with 
a specific focus 
on nutritional 
impact 
129 articles N/A N/A N/A Helminths cause 
the most problems 
in children and are 
manageable in 
adults with a 
proper diet 
Crompton and 
Savioli, 1993 
Desk review Looks at the 
relationship 
between 
urbanisation and 
the spread of 
helminths in 
resource poor 
settings with 
poor sanitation  
N/A N/A N/A Article 
translated from 
French 
Poor sanitation 
and hygiene in 
urban areas may 
lead to a rise in 
helminth infections 
during urban 
expansion 
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Dauby et al., 
2012 
Desk review Has insights into 
maternal phase1 
of lit review 
 
Opens up new 
ideas with 
keywords for 
search 
150 articles N/A N/A N/A Challenges posed 
as an interesting 
insight for this lit 
review 
 
Opens a new 
insight such as the 
need to look into 
anaemia too 
Degarege et 
al., 2009 
Case – control 
study 
Demonstrates a 
weak but evident 
protective nature 
of light to 
moderate 
helminth 
infections and 
malaria severity 
458 voluntary  
malaria patients 
who visited 
Alaba Kulito 
Medical Clinic 
in Southern 
Ethiopia 
Patients 
already 
infected 
 
Retrospective 
study 
Strong statistical 
testing 
Standard 
laboratory 
testing 
Families 
financial and 
nutritional status 
were not 
considered 
when assessing 
the relationship 
Conflicting 
accounts of the 
relationship 
between malarial 
status and 
helminth infection 
loads 
Delisle, 2008 Auxiliary article The correlation 
between a 
mother’s health, 
poverty and 
N/A N/A N/A N/A In poverty settings, 
in females there 
appears to be an 
intergenerational 
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malnutrition are 
examined 
 
The trend of 
intergenerational 
undernutrition 
due to poverty 
and poor habits 
are also 
highlighted 
trend of 
malnutrition in 
which all females 
across 3 to 4 
generations are 
afflicted with 
undernutrition  
De Silva et al., 
2003 
Desk review Excellent 
statistical 
information on 
the international 
epidemiology 
and demography 
of helminth 
infections from 
2003 
19 articles N/A N/A N/A Soil transmitted 
helminth infections 
still need to be 
considered as the 
most prevalent 
infection mankind 
faces  
Greater efforts 
need to be made 
to address these 
infections 
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Drake and 
Bundy, 2001 
Desk review Highlights the 
relationship 
between multiple 
helminth 
infections and 
malnutrition  
 
Gives good 
statistics 
91 articles N/A N/A N/A Control methods 
are biased towards 
specific helminths 
 
Multi-spectral 
helminth treatment 
should be 
considered 
Drake et al., 
2000 
Desk review Demonstrates 
strong link to 
cognitive delays 
and physical 
delays and 
helminth 
infections 
 
92 articles N/A N/A N/A Helminth infections 
strongly correlated 
with cognitive 
dysfunction and 
physical 
developmental 
problems 
Easton, 1999 News report Provides good 
figures and data 
which can help 
N/A N/A N/A N/A Provides other 
sources to look 
into 
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with my 
research 
 
Engebretson et 
al., 2002 
Auxiliary article Shows strong 
relationship 
between 
maternal health 
and child’s 
health 
N/A N/A N/A N/A Demonstrates that 
a child’s health is 
heavily reliant on 
the mother’s health 
during 
breastfeeding 
Fabiyi, 1987 Desk review Socio-economic 
losses due to 
helminth in 
terms of 
production, 
livestock and 
transfer of 
nematodes to 
livestock 
68 N/A N/A N/A Helminth infections 
cost farmers 
millions every year 
in work time lost 
and contaminated 
livestock 
Gage and 
Zansky, 1995 
Auxiliary article Demonstrates 
and establishes 
the required 
N/A N/A N/A N/A Weight for height, 
height for age and 
weight for age 
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nutritional 
indicators and 
their definitions 
based on life 
table data from 
thousands of 
people 
verified as 
appropriate 
indicators of 
nutritional status 
Guyatt et al. 
1993 
Desk review Details 
effectiveness of 
mass treatment 
and costs to 
treat based on 
efficiency 
42 articles N/A N/A N/A Strong evidence 
suggesting that 
mass treatment is 
more cost effective 
than individual 
treatment 
Hall et al. 2009 Desk review  Interventions 
and anti-
helminthic 
treatment 
regimes 
explained and 
costs detailed 
50 articles N/A N/A N/A It is actually fairly 
cost effective to 
have a mass anti-
helminthic 
treatment regime 
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Hassan et al., 
2011 
Auxiliary article Relationship 
between 
maternal 
nutritional status 
and child’s 
growth ability 
N/A N/A N/A N/A Demonstrates that 
if the mother is 
undernourished 
the child will also 
highly likely be 
undernourished 
also 
Hotez, 2008 Desk review Strong 
relationship 
between poverty 
and hookworm 
infection and 
proliferation 
Emphasis on 
sanitation and 
hygiene 
44 articles N/A N/A N/A Establishes a solid 
link between 
hookworm 
infections, poverty, 
sanitation and 
hygiene whilst 
giving examples 
from urban areas 
and impoverished 
areas 
Jardim-Botelho 
et al., 2008 
Cross-sectional 
study 
Shows the roles 
and 
relationships to 
age groups and 
1113 
individuals 
aged between 6 
months and 83 
Non 
randomised 
selection, 
 
Questionnaires 
allow for 
personal errors. 
 
Socioeconomics
, sanitation and 
hygiene 
Helminth infections 
are associated 
with undernutrition 
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their correlation 
and risks of 
contraction of 
helminths 
years were 
selected from 
Minas Gerais, 
Brazil 
Non age 
specific, too 
broad of a 
cross section 
Lost to follow up 
for blood testing 
=  32% 
practices not 
considered 
in endemic 
populations 
Jiminez –
Cisneros and 
Maya-Rendon, 
2007 
Desk review Establishes link 
between poor 
sanitation, 
poverty and 
spread of 
helminth 
infections 
62 articles N/A N/A N/A Poor sanitation 
and poor hygiene 
practices are key 
drivers behind high 
helminth 
prevalence rates in 
endemic regions 
Jukes, 2003 Strong literature 
review on the 
effects of 
helminths and 
child cog 
development 
 
Cohort study 
Correlation 
between high 
helminth 
infection loads 
and cognitive 
impairment 
906 of 1476 
children from 
10 schools in 
Bagamoyo 
District, 
Tanzania 
Random 
selection of 
cases, controls 
selected from 
same cohort 
Use of non-
culturally 
specific 
psychometric 
tests for the 
testing of 
cognitive 
impairment 
 
Nutritional 
status was not 
considered 
when assessing 
the impact of 
helminths on 
cognitive ability 
Detailed results 
across various 
elements of 
cognitive element 
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Reasonable lost 
to follow-up in 
experimentation
s that have 
been cited 
Kung’u et al., 
2009 
Cross-sectional 
study 
Shows impacts 
of helminth 
induced 
malnutrition on 
child 
development 
and role of 
anaemia in this 
stunting in 
children in the 
infancy stage of 
life 
 
2322 children 
aged between 6 
and 23 months, 
sub sample of 
690 children 
matched for 
age and 
helminth 
infection status 
in Pemba 
Island, 
Tanzania. 
Non 
randomised 
selections 
 
Sub sample 
small for a 
control sample 
in comparison 
to the test 
group 
Multiple 
regression used 
and normality 
testing 
conducted 
Socio-economic 
not considered 
as a factor in 
malnutrition 
 
Conflicting 
accounts of 
infection 
protective 
nature 
Helminth infected 
children were less 
anaemic, less 
malnourished and 
less likely to be 
malaria infected 
than uninfected 
children 
Leenstra et al., 
2005 
Auxiliary article Relationship 
between 
malnutrition and 
N/A N/A N/A N/A Poverty is very 
much a driver of 
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poverty and age 
groups and its 
impact on child 
growth is 
demonstrated in 
this article 
malnutrition/under
nutrition 
Lobato et al., 
2012 
Longitudinal 
study 
Highlights an 
interesting 
element to 
helminth 
interventions 
and the best 
approach to 
interventions 
 
Partial random 
sampling of 
participants 
Small sample 
size, 87 
participants 
Lack of solid 
findings 
15% lost to 
follow up 
 
Excluded 
nutritional 
indicators and 
focused 
primarily on 
education 
Children who 
received the 
educational 
intervention had a 
higher rate of 
educational 
success than the 
control  
Lwanga et al., 
2012 
Cross-sectional 
study 
Looks at how 
helminths induce 
malnutrition in 
school aged 
children and 
establishes a 
432 primary 
school children 
aged 6–14 
years were 
randomly 
selected from 
Random 
selection of 
students from 
set schools 
 
Used 
international 
standardised 
measurements 
for nutritional 
status and 
Excluded 
socioeconomic 
drivers of 
helminth 
infections 
Males were three 
times more likely 
to be underweight 
when infected with 
helminths than 
females 
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strong link 
between poverty 
and malnutrition 
 
 
23 schools in 
central Uganda 
helminth 
infections status 
testing 
 
Children between 
10 and 14 had a 
twice as high risk 
of stunting than a 
healthy 
counterpart 
 
Helminths are 
closely correlated 
to undernutrition 
and stunting 
Mascarini-
Serra, 2011 
Desk review Examines 
interventions 
and role of 
sanitation, 
hygiene and 
poverty in 
helminth 
infections 
71 articles N/A N/A N/A Proper sanitation 
infrastructure 
reduces the 
morbidity rate of 
helminths as well 
as reduces the 
incidence of new 
helminth infections 
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Mbuh and 
Nembu, 2013 
Cross-sectional 
study 
Establishes a 
relationship 
between 
helminth 
infections and 
malnutrition and 
poverty 
265 children 
between ages 4 
and 14 years 
residing in 
Dibanda, 
Cameroon 
Non-
randomised 
selection. 
 
Selection 
methodology 
not detailed 
Used 
internationally 
standardised 
biological and 
anthropometric 
measurements 
Did not look at 
the total food 
consumed per 
day and sources 
of nutrition of 
the children 
A strong 
correlation exists 
between helminth 
infections and 
malnutrition in 
children 
Mckay, 2006 Desk review Looks at the 
potential 
immune benefits 
of helminth 
infections and 
looks at how to 
use it  for good 
115 articles N/A N/A N/A Research needs to 
be conducted into 
these beneficial 
elements of 
helminth infections 
so that they may 
be utilised in the 
field and around 
the world 
Meltzer, 2006 Correspondence  Response to 
Bethony et al’s 
article 
N/A N/A N/A N/A Highlights other 
population risk 
factors (travellers) 
which have not 
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been mentioned in 
other papers 
 
Identifies new 
perspectives for 
extermination 
efforts and the 
need for more 
research 
Minamoto et 
al., 2012 
Longitudinal 
study 
Interventions 
with education 
and sanitation 
examined  
1497 children 
aged between 2 
and 8 years 
with 52% 
receiving health 
education 
Non randomly 
selected, 
based on 
participant 
recruitment 
Questionnaires 
used introducing 
participant error 
Socio-economic 
and literary 
ability not 
considered 
Interventions seen 
to be ineffective in 
long term if not 
continuously 
applied and taught 
Miranda et al., 
1983 
Auxiliary article Shows how  
mother’s milk is 
pivotal for child’s 
growth ability, 
and highlights 
role of poverty in 
N/A N/A N/A N/A Establishes a 
Correlation 
between 
pathophysiology 
and 
socioeconomics 
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immunity 
deficiency 
and maternal and 
child health. 
Modan-Moses 
et al., 2003 
Auxiliary article Relationship 
between 
malnutrition and 
stunting 
established 
N/A N/A N/A N/A Demonstrates 
relationship 
between 
malnutrition and 
child physical 
delays 
Moore and 
Davies, 2005 
Auxiliary article Looks at 
relationship 
between 
mothers diet and 
child’s health  
with a good 
pathphysiologica
l and 
socioeconomic 
relationship 
established 
between the 
N/A N/A N/A N/A Establishes a 
Correlation 
between 
pathophysiology 
and 
socioeconomics 
and maternal and 
child health 
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mothers and 
child’s health 
Munro et al, 
2009  
Auxiliary article  Details the rise 
of scholarship 
and innovation 
in Africa and 
details future 
projections of an 
African ‘golden 
age’ 
N/A N/A N/A N/A Identifies new 
talent and centres 
of innovation 
coming out of the 
African continent 
and highlights 
Africa’s potential 
for future 
innovation in 
academia and its 
potential new 
‘golden era’ 
Neisser et al., 
1996 
Auxiliary article Examines the 
notion of 
intelligence in 
children and the 
potential for 
accurate testing 
N/A N/A N/A N/A It is very 
challenging to 
accurately assess 
the intelligence of 
a young child or a 
child of preschool 
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age especially if 
they are from a 
non European 
background 
Oller et al, 
2006 
Auxiliary article Details normal 
speech, 
language  and 
cognitive 
development 
throughout the 
lifespan of a 
person 
N/A N/A N/A N/A N/A 
Parraga et al., 
1996 
Case – control 
study 
Very interesting 
link shown that 
boys are worse 
off with 
schistosomiasis 
that girls  
 
Emphasises the 
ease of 
539 infected 
and 508 
controls were 
used. Age and 
sex matched 
 Cases were 
already 
infected and 
presented at a 
clinic. Non-
randomised  
Only 34% of 
participants 
were randomly 
selected 
Child’s 
economic and 
nutritional 
backgrounds 
were not 
considered 
Important 
demonstration of 
gender bias in 
infections 
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reinfection with 
helminths after 
treatment, thus 
emphasising the 
need for 
targeting risk 
factors not just 
treatment 
Penna and 
Bacallao, 2002 
Auxiliary article The link 
between poverty 
and malnutrition 
is expanded 
upon 
N/A N/A N/A N/A Poverty and 
malnutrition and 
mutually reliant on 
one another 
Prescott and 
jancloes, 1984 
Desk review Strong 
socioeconomic 
focus on the 
proliferation of 
helminths and 
how to best 
address them in 
26 articles  N/A N/A N/A Widespread drug 
programs are 
feasible and can 
be done with 
moderate 
government 
subsidising due to 
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an economic 
manner 
the affordability of 
these treatments 
Preston, 2005 Auxiliary article Handbook on 
how to test 
children’s 
cognitive ability 
N/A N/A N/A N/A Specific to 
geographic 
regions. Primarily 
European and 
western nations 
Pullan and 
Brooker, 2012 
Data set Excellent 
demographic 
data on 
helminths 
N/A N/A N/A N/A N/A 
Richardson, 
1977 
Auxiliary article Strong link 
between poverty 
and malnutrition 
and an 
emphasis on 
evolutionary 
adaptation 
N/A N/A N/A Very dated 
article 
Stunting and 
wasting as an 
adaptation for 
poverty induced 
malnutrition 
 
Robertson et 
al., 1992 
Cross-sectional 
study 
links with 
anaemia and 
658 children 
attending 4 
Parents 
consent 
Unknown lost to 
follow-up 
7 years 
difference 
marked 
improvements 
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blood loss with 
helminth 
infections 
 
primary schools 
in Coclé 
province, 
Panama 
 
Control 171 
children 
required – 
working with 
children. 
Non 
randomised 
selection 
 
Control group 
significantly 
smaller than the 
test group 
between the 
date the tests 
were run and 
the publication 
of the paper. 
 
Socio-economic 
situation of 
family excluded 
after deworming 
and regarding child 
overall health and 
school attendance 
 
Insights into the 
functioning of the 
worms and the 
impact of their co-
morbidities and 
blood levels 
Rondo and 
Tomkins, 1999 
Auxiliary article Details the 
impacts of 
maternal health 
and nutrition on 
the growth and 
size of a child 
physically 
N/A N/A N/A N/A Details the 
pathways in which 
a mother’s health 
influences the 
growth and 
development of the 
child 
Rush, 2001 Auxiliary article Details how the 
mothers health 
effects a child’s 
N/A N/A N/A N/A Highlights strong 
link between 
mother’s health 
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changes of 
survival 
and child’s ability 
to survive in the 
first year of life. 
The better the 
mothers health the 
better the chances 
of the child’s 
survival 
Scholte et al., 
2012 
Ecological study Excellent 
background info 
on risk factors 
and the role of 
helminths in 
nature 
19 million 
inhabitants 
No 
randomness 
 
No selection 
process 
Based on 
government 
health data, no 
field verification 
No verification 
of data, no 
background 
information 
known of 
participants 
Biased dataset 
Questionable 
results, due to the 
nature of the study 
Shang et al., 
2010 
Cross-sectional 
study 
Looks at how 
helminths induce 
malnutrition in 
school aged 
children 
1031 
participating 
students across 
Guangxi 
Autonomous 
province, China 
Selection 
method not 
detailed 
 
Questionnaires 
used introduced 
participant error 
Excluded 
socioeconomic 
drivers from the 
study 
Stunting was 
highly prevalent in 
students with a 
moderate to high 
infection loading 
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Non 
randomised 
selection 
Smith, 2001 Auxiliary article Highlights key 
developmental 
milestones of 
children 
N/A N/A N/A N/A Developmental 
milestones split 
into 3 categories. 
Maternal, infancy 
and school age 
and what these 
milestones entail 
Soares 
Magalhaes 
and Clements, 
2011 
Cross-sectional 
study 
Demonstrates a 
strong 
geographical 
relationship 
between 
anaemia, 
malnutrition and 
helminth 
infections 
7147 children 
aged 1 – 4 
years old in 
Burkina Faso, 
Ghana and 
Mali. 
3477 girls. 3670 
boys 
Non 
randomised 
selection 
Good gender 
split 
No control 
group identified 
Surveys used 
introduce 
participant 
errors. 
Loss to follow-
up unknown 
Did not look at 
socio-
economics of 
the children in 
question. 
Spatial model 
reliant on 
infectious status 
only 
Mapping of the 
geographical limits 
of anaemia and 
malaria allow for a 
greater 
concentration of 
efforts in dealing 
with these 
problems 
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Sousa- 
Figueiredo et 
al., 2012 
Cross-sectional 
study 
Provides 
evidence for the 
relationship 
between 
malnutrition and 
geohelminths 
 
Demonstrates 
widespread 
common 
knowledge of 
the infection in 
communities but 
also emphasises 
the lack of 
common 
knowledge on 
best treatment 
options 
1237 preschool 
aged children 
(0-5 years) 
1142 school 
aged children 
(6-15) 
960 women 
(>15 years) 
 
North Western 
Angola  
Non-
randomised 
 
All participants 
used 
Set at a select 
point in time, 
does not span 
beyond that 
point. 
May not be 
reflective of 
entire caucus 
No competing 
interests  
 
Used 
government 
data which may 
be biased 
High levels of 
anaemia and 
helminth infections  
 
Often co-morbid 
with malaria 
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Stephenson et 
al., 2000 
Desk review Details the 
impact of 
helminths in 
inducing 
malnutrition 
pathophysiologic
ally based on 
gender and age 
57 articles N/A N/A N/A Girls and women 
of child bearing 
age should be 
targeted with 
widespread 
deworming efforts 
in an attempt to 
prevent helminth 
induced 
malnutrition 
impacting on the 
mother and the 
unborn child 
Sterling, 1999 Auxiliary article Highlights key 
developmental 
milestones of 
children 
N/A N/A N/A N/A Developmental 
milestones split 
into 3 categories. 
Maternal, infancy 
and school age 
Sternberg et 
al., 1997 
RCT Demonstrates a 
good 
relationship 
196 Jamaican 
school children 
Random 
selection, 
double blind 
Statistical 
analysis 
 
No nutritional 
information 
used 
Helminth infections 
in high loads 
impact a child’s 
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between 
helminth 
infections and 
cognitive 
dysfunction in 
children 
in grades 4 and 
5 
No 
measurement 
error evident 
cognitive ability, 
but it was 
supposedly 
reversible 
Sternberg, 
2004 
Auxiliary article Looks at cultural 
elements to 
intelligence 
testing and 
provides 
resources to 
dealing with 
them 
N/A N/A N/A N/A Intelligence testing 
Not concrete or 
feasible enough to 
be implemented in 
the field 
Stoltzfus et al., 
2001 
RCT Demonstrates a 
good link to 
infant anaemia 
and child dev. 
Delays and the 
benefits of iron 
supplements 
614 pre-school 
aged children 
aged between  
6 and 59 
months 
 
Randomly 
selected 
Working with 
children 
produced some 
questionable 
results due to 
not being able 
to control the 
Home 
conditions and 
maternal health 
status of the 
children’s 
mothers were 
not considered 
Treatment of 
anaemia in 
children with 
helminth infections 
increased their 
health status and 
cognitive ability 
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Shows a poor 
but evident link 
to helminths and 
mental delay 
Selected  at 
community 
level 
home conditions 
of the children 
 
Reliable results, as 
verifiable 
Taylor-
Robinson et 
al., 2012 
Systematic 
Review 
Systematic 
review of impact 
of helminth 
infections on 
school 
performance 
42 trials, 65168 
participants. 1 
trial excluded 
1 trial excluded 
trials in English 
only included 
 
Low quality of 
data results 
included as 
stated in the 
article 
None that were 
evident 
No link established 
and no results 
found 
Von Stamm 
and Trifilova, 
2009 
Auxiliary article Looks at 
patterns of 
innovation and 
the rising trend 
of innovation in 
Africa 
N/A N/A N/A N/A Identifies new 
talent and centres 
of innovation 
coming out of the 
African continent 
and highlights 
Africa’s potential 
for future 
innovation 
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Waller, 1997 Desk review Ability for 
resistance 
development to 
anti-helminthic in 
helminths 
detailed and 
described 
47 articles N/A N/A N/A Resistance to anti-
helminthic has 
been documented 
in a single case 
and can be the 
start of a 
cautionary trend 
Wammes et 
al., 2010 
Case – control 
study 
Highlights the 
complexity of co-
morbid 
infections 
 
Highlights the 
immune-
compromising 
nature of 
geohelminths 
infections and 
the increased 
susceptibility to 
malaria and TB 
20 participants - 
school aged 
children in 
Rural central 
Java, Indonesia 
Small 
population size. 
Non-
randomised 
Small 
population size, 
statistically too 
small to be 
reflective of 
entire 
population 
Limited scope of 
study and lack 
of family history 
Co morbidities risk 
increases with 
helminth infections 
due to immune-
compromised state 
of child 
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(only in heavily 
helminth 
infected 
participants) 
WHO, 2012 Auxiliary article Updated 
statistics on 
helminth 
infections 
internationally 
WHO document 
Looks at 
priorities with 
helminths 
N/A N/A N/A N/A Demonstrates a 
statistical increase 
in the incidence 
and prevalence of 
helminth infections 
internationally 
Ziegelbauer et 
al., 2012 
Systematic 
review and Meta-
analysis 
Details the 
impacts of 
sanitation on 
helminth 
infections 
36 publications Articles 
selected using 
the WHO 
database as 
well as internet 
catalogues 
Confidence 
intervals given 
N/A Proper sanitation 
is associated with 
a reduced risk of 
transmission of 
helminthiasis to 
humans 
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CHAPTER 5: THE IMPACT OF AN 8-YEAR MASS DRUG 
ADMINISTRATION PROGRAMME ON PREVALENCE, INTENSITY 
AND CO-INFECTIONS OF SOIL-TRANSMITTED HELMINTHIASES 
IN BURUNDI 
 
The critical review in Chapter 4 identified why it is important to treat and control STH parasitic 
infections in children, whilst the general literature review in Chapter 3 on STH control programmes 
denoted an important gap in knowledge relative to description of long-term benefits of successive 
MDA rounds. In this Chapter 5 I address this knowledge gap directly by assessing the impact of 
mass drug administration on the prevalence, intensity and patterns of co-infection of soil-
transmitted helminths. 
In this chapter, I examined data collected from 8 years of monitoring and evaluation activities 
following the nationwide MDA programme in Burundi. Thirty-one sentinel sites were set up in 
2008, 2009 and 2011, with 12 sentinel sites accessible in 2007 and 2010, and 26 sentinel sites 
accessible in 2014. Generalised linear mixed models and semivariograms were used to assess the 
statistical and geospatial impact of MDA programmes on the prevalence, intensity and prevalence 
of co-infections of STH infections. This paper demonstrates that sustained annual MDA 
significantly reduced the prevalence of STH infection in school age children but plateaued at a 
minimum and was unable to achieve elimination. Additionally, the significant decline in prevalence 
was accompanied by a drop in spatial clustering in infection indicators across all sites from 2008 
onwards. The lack of consistency in the results of the spatial dependence analysis highlights the 
way MDA programmes can interrupt the normal transmission dynamics of STH parasites. This 
chapter helped improve our understanding of the long term impacts of STH MDAs on STH 
prevalence.  Whilst also identifying spatial heterogeneity in clustering of STH infections over time, 
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the exact nature of the subnational spatial distribution of STH infections over time was further 
investigated in Chapter 6. This chapter was published in Parasites and Vectors on the 22nd of 
September 2016 with co-first authorship between G. Ortu and M. Assoum.  
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ABSTRACT 
 
Background:  Soil transmitted helminth (STH) infections are amongst the most prevalent 
infections in the world. Mass drug administration (MDA) programmes have become the most 
commonly used national interventions for endemic countries to achieve elimination. This paper 
aims to describe the effect of an 8-year MDA programme on the prevalence, intensity of infection 
and co-infection of soil transmitted helminth in Burundi from 2007 to 2014 inclusive and critically 
appraise the trajectory towards STH elimination in the country. 
 
Methods: An impact study was carried out through annual parasitological surveys conducted in 
two stages: a pilot study of 12 schools from 2007 to 2011; and an extension study of 19 schools 
from 2008 to 2011. Twenty-six of the schools were also re-assessed in 2014. STH prevalence and 
intensity were assessed using Kato-Katz in a total of 27,658 children. Prevalence of infection, 
prevalence of heavy intensity infections and prevalence of co-infections were examined over time 
using GLMM models. To quantify spatial clustering in infection indicators over time, annual 
exponential semivariograms of the raw STH infection indicator data were produced.  
 
 
Results: Prevalence of infection with any STH (“pooled STH”) dropped significantly between 
baseline and 2011 in both studies, falling from 32% to 16% in the pilot study, and from 35% to 16% 
in the extension study. Most STH infections were of low intensity. The national reassessment in 
2014 showed that prevalence of pooled STH remained significantly below prevalence in the 2007 
baseline for both studies, but there was no further decrease in STH prevalence from 2011 levels to 
2014. Spatial dependence analysis of prevalence showed that prevalence of Trichuris trichiura and 
Ascaris lumbricoides had a tendency to cluster over the years, whilst only trends in spatial 
dependence were evident for hookworm infections. Spatial dependence fluctuated over the course 
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of the programme for A. lumbricoides and T. trichiura. However, a slight relapse in spatial 
dependence is evident in 2010 for A. lumbricoides. Analysis of spatial clustering of intensity of 
infection and heavy infections found that the intensity changed over time for all parasites. 
 
Conclusions: These results demonstrate that sustained annual MDA significantly reduced the 
prevalence of STH infection in school age children but plateaued at a minimum and was unable to 
achieve elimination. Additionally, the significant decline in prevalence was accompanied by a drop 
in spatial clustering in infection indicators across all sites from 2008 onwards. The lack of 
consistency in the results of the spatial dependence analysis highlights the way MDA programmes 
can interrupt the normal transmission dynamics of STH parasites.  
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BACKGROUND 
 
Soil-transmitted helminthiases (STHs), comprising ascariasis, trichuriasis and hookworm infection 
are among the most common neglected tropical diseases (NTDs) affecting mainly developing 
countries and regions with poor sanitation (1-3). In 2010, over 1.7 billion people were reported to 
be affected by these diseases globally, leading to an estimated 5 million disability adjusted life years 
(DALYs) (4). As part of the efforts to control the morbidity associated with these diseases, routine 
mass administration of anthelmintic drugs has been endorsed by the World Health Organization 
(WHO) under its preventive chemotherapy approach (5, 6). This has been recognised as one of the 
most cost-effective public health strategies to reduce the disease burden of these infections (7). 
In Burundi, STH infections have long been recognised as a public health problem (8-10). In 2007, 
key partners and funders came together in collaboration with the Ministry of Health to establish an 
integrated control programme to address NTDs (11). As a result, in May 2007, STH infections and 
schistosomiasis were mapped across the entire country. Results demonstrated that STH were highly 
prevalent nationwide and that an intervention was critically needed (12). The findings of this study 
provided the basis for rolling out an integrated preventive chemotherapy programme throughout the 
country. 
The national deworming programme first launched in mid-2007 included the delivery of 
albendazole (ALB) and mebendazole (MBZ) twice a year to children aged 1 to 14 years, and 
pregnant women in their second and third trimester (11). As part of this national programme, a 
monitoring and evaluation (M&E) strategy was developed to assess the impact of treatment during 
the first five years (2007-2011). This involved performing annual parasitological surveys at a set of 
primary school sentinel sites. Epidemiological M&E surveys were stopped in 2011 with the 
completion of the national programme’s first phase of intervention, although between 2011 and 
2014 ALB/MBZ treatment continued routinely. Later in mid-2014, with the support of the 
Schistosomiasis Control Initiative (SCI) and the Schistosomiasis Consortium for Operational 
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Research and Evaluation (SCORE), a national STH re-assessment was performed to evaluate 
whether further STH treatment was needed. 
Previous studies have demonstrated significant population-level benefits of regular deworming in 
terms of declining prevalence of infection (13), intensity of infection (14) and co-infections (15, 
16), co-infections being defined here as being infected with more than one of the STH parasites (see 
Table 2). However, very few studies have looked at the long-term (>5 year) nationwide effect of 
deworming on a range of infection indicators. Still fewer studies have attempted to understand the 
impact on spatial heterogeneity in these indicators as a result of a multi-year MDA. By analysing 
spatial heterogeneity in infection prevalence, intensity of infection categories, and co-infections, a 
clearer picture of the relationships between infection, the impact of the intervention, and changing 
patterns of spatial distribution may become evident. These results would enable the development of 
more efficient treatment protocols as the MDA programme progresses. For instance, increased 
clustering of infections may indicate the existence of residual transmission hotspots where more 
frequent treatments and other interventions, such as improved sanitation and WASH protocols, may 
be necessary.  
This study documents the epidemiological impact of the 8-year (2007-2014) MDA programme in 
Burundi on the prevalence and intensity of STH infection, intensity of infection and co-infections, 
as well as spatial heterogeneity in infection indicators, by analysing STH infection data from both 
the nationwide M&E impact study and the 2014 re-assessment survey.  
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METHODS  
 
Parasitological surveys 
 
In 2007, a total of 12 schools were selected and surveyed as sentinel sites for monitoring 
programmatic impact on STH (“pilot schools”). These were in three provinces where the 
programme began to be rolled out (Bururi, Bubanza and Cibitoke) (11). In 2008, the programme 
was expanded to cover the entire country and 19 additional schools were selected across the 
remaining provinces (“extension schools”). During the nationwide STH re-assessment survey 
conducted in 2014, all pilot schools and 14 of the 19 extension schools were surveyed to evaluate 
the prevalence and intensity of STHs after seven years of routine MDA. Figure 5.1 shows locations 
of the schools included in each survey. 
Figure 5. 1: Map of Pilot and Extension Study Sites - Burundi 
Annual parasitological surveys were conducted across all schools, with the exception of extension 
schools in 2010, when surveys were not possible due to political instability in parts of the country. 
Annual surveys were conducted approximately one month before each round of ALB/MBZ 
administration. Surveys were conducted in April/May with drug distribution in June to ensure that 
all children who tested positive in surveys received timely treatment through the national 
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programme. At each pilot school, a cohort of 200 pupils from grades 1 and 2 and a cross-sectional 
sample of 100 pupils from grade 6 were recruited at baseline in 2007; 15.1% of these grade 1 and 2 
were followed up each year until 2011 (see Table S5.1, Annex for details of cohort follow-up).  In 
each follow-up year, between 140 and 216 additional pupils from grades 1 and 6 in each school 
were sampled. In 2011, no cross-sectional sample of grade 6 pupils was selected.  
At each extension school, a cohort of 200 pupils from grades 1 and 2 were recruited at baseline in 
2008 complemented by a cross-sectional sample of 100 grade 6 pupils. Of the grade 1 and 2 pupils 
34.2% were followed up each year of the study until 2011. In 2009, between 110 and 200 additional 
pupils per school were sampled from grade 1 and grade 6. In 2010 surveys were not possible in 18 
out of the 31 sites due to political instability in parts of the country. In 2011 between 255 and 300 
pupils per school were newly recruited. All surveyed individuals were under the age of 23 years, 
with 97% and 92% being aged between 5 and 16 years at pilot and extension schools respectively.   
The national epidemiological re-evaluation of STH in 2014 surveyed all pilot schools and 14 of the 
19 extension schools. Fifty pupils between the age of 12 and 16 were recruited from each school, 
with the exception of one pilot study school where 100 pupils were recruited. For all surveys, 
approximately equal number of boys and girls were recruited.  
 
Parasitological examination 
 
In all surveys, hookworm, Ascaris lumbricoides (Ascaris) and Trichuris trichiura (Trichuris) 
infections were assessed by examination of faecal samples via the Kato-Katz method. One faecal 
sample was taken per child, and two slides were prepared. Parasite eggs were counted on both slides 
by two different microscopists and read within 2 hours of preparation to avoid degeneration of 
hookworm eggs. An estimate of infection intensity for each species, in eggs per gram of faeces, was 
obtained by multiplying the mean number eggs found across both slides by 24. A child was 
classified as being infected with a particular parasite if at least one egg was counted, classified as 
being infected with any STH (“pooled STH”) if at least one egg of any species was detected, and 
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classified as being multiply infected if at least one egg from two or more species was detected. 
Intensity of infection was categorised based on WHO guidelines (5) (see Table 5.1). All data were 
collected on case report forms completed in the field by the team, double-entered onto a MS Access 
database and any discrepancies resolved.  
Co-infection profiles were drawn to help identify the distribution of the prevalence of infections 
based on all possible co-infection groupings. The groupings identified were: mono-infection, A. 
lumbricoides and T. trichiura coinfection, A. lumbricoides and hookworm coinfection, T. trichiura 
and hookworm coinfection and finally A. lumbricoides, T. trichiura, and hookworm co-infections. 
Table 2 summarises the prevalence of all co-infection combinations from 2007 to 2014. 
 
Temporal changes in infection indicators 
 
To assess overall population-level programmatic impact on the prevalence of STH, we performed 
two sets of models: one for all pilot schools and one for all extension schools. Using the lme4 (17) 
package in R, binomial generalised linear mixed models (GLMMs) with a logit link were 
performed, with infection presence/absence as the response variable, both for individual parasite 
species and pooled STH. We analysed all available data regardless of follow-up status (18). 
McFadden pseudo-R2 (19) and a combination of marginal and conditional pseudo-R2 values (20) 
were used to assess the goodness of fit of a model. The McFadden pseudo-R2 measures the level of 
improvement of the log-likelihood of a model over the log-likelihood of the intercept-model (19).  
Values of 0.2 and above are considered to represent a very good fit (21). Marginal and conditional 
pseudo-R2 are the proportion of variance on the latent scale explained by the fixed effects 
components or the fixed and random effects components respectively, with higher values being 
preferable.  
To examine whether there was statistical evidence for prevalence changing over time differentially 
among schools, we examined a standard set of models for each response variable. All models 
included the same set of fixed effects: year, as a factor; age, mean-centred and divided by the 
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estimate of its standard deviation, as well as its associated quadratic, to allow for potential non-
linearity in any age effect; and gender. School and pupil identity were included as random factors to 
account for similarity among children at the same school and repeated samples from individual 
children across the longitudinal study respectively. A random interaction between year and school 
was included to account for the variation in response between the schools (22). The prevalence of T. 
trichiura in the pilot study was very low (≤4% in all years) and the model did not converge; hence it 
was excluded from analyses.  
Changes in prevalence of multiple infections were examined using two types of models, firstly 
including all pupils and secondly including only those pupils infected with at least one STH. The 
model including all pupils was performed to enable direct comparison with the prevalence models 
presented previously, and adopted the same fixed and random effects as the models above. The 
model including only those pupils infected with at least one STH enabled us to investigate whether 
intensity of infection of a single species was associated with multiple infections. Including non-
infected pupils in this model would have meant the response of no multiple infection could be 
completely predicted from knowledge of the fixed effect of intensity of infection. The model used 
the same fixed effects structure as described previously, but excluding the quadratic age term as the 
model would not converge with this included. Additional fixed effects of egg counts per gram of 
hookworm, T. trichiura, and A. lumbricoides were included, each mean-centred and divided by the 
estimate of its standard deviation. School identity and pupil identity were included as random 
effects. Models that included a year by school interaction did not converge and consequently this 
interaction was excluded from the model.  
Intensity of infection was generally low throughout the study period. Although analyses of intensity 
of infection (egg counts per gram) were attempted, due to a large number of zero egg counts and 
extreme variances, models either did not converge or showed a bad fit, and intensity models were 
not pursued further. Since no heavy infections were detected, we could not model the prevalence of 
heavy infections. However, we modelled the prevalence of infections that were at least of moderate 
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intensity, using the same predictors and model structure as described above. Only the model for A. 
lumbricoides for extension schools converged. Data cleaning and handling were carried out in SAS 
v9.1.3 and R version 3.0.2 (23), and analyses were performed in R version 3.1.2. 
 
Assessment of spatial clustering in infection indicators 
 
Semivariograms were used to analyse spatial dependence in STH indicators, and how this changed 
over time (24, 25). Semivariograms allow for the quantification of spatial cluster size and the 
tendency for geographical clustering within a region by estimating three parameters: the partial sill, 
the nugget, and the range. The partial sill refers to the variance in the infection indicators between 
pairs of survey locations that is due to factors associated with geographical location. The nugget 
refers to the variance in the infection indicators between pairs of survey locations that is due to 
measurement error. The range is the distance up to which observations are considered dependent 
and is an estimate of the average size of the clusters.  
To estimate the proportion of residual variation that was spatially structured, we divided the partial 
sill by the sum of the partial sill and nugget. Empirical semivariograms were constructed by 
combining data from pilot and extension schools for each parasite species, using raw (observed) 
data on infection prevalence, prevalence of intensity profiles (based on WHO guidelines (26, 27)) 
and prevalence of co-infections at each survey locations. We did not analyse prevalence of high 
intensity infections for A. lumbricoides due to the very limited number of children exhibiting this 
infection pattern. For the same reason, prevalence of moderate and high intensity infections for T. 
trichiura and hookworm were excluded from further analyses.  
The semivariograms for prevalence of co-infection were also prepared for years 2007 to 2011 based 
on the most prevalent co-infection pattern, that is A. lumbricoides and T. trichiura (Annex, Figure  
S5.3). On initial observation, in 2014, only five individuals were reported with this coinfection 
pattern. Other co-infection combinations were equally rare, with only seven individuals with A. 
lumbricoides and hookworm coinfection, two cases of hookworm and T. trichiura co-infections, 
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and no cases of a triple infection evident in this year. As such, because of the low level of co-
infections, no further analysis was pursued. Table 2.2 shows the temporal breakdown of co-
infection combinations. Empirical semivariograms were constructed using data from all years 
combined as well as for each year separately. The values of the partial sill, nugget and range were 
estimated by fitting Weighted Least Squares to the empirical semivariogram. If the line of best fit 
levels out within the empirical semivariogram, then the infection indicator is classified as clustered. 
If the line of best fit appears to be continually increasing, then the infection indicator is classified as 
depicting a spatial trend. Finally, if it is not possible to fit a line through the empirical 
semivariogram, then it is considered that there is no spatial clustering in the infection indicator. We 
elected not to use fixed effects in our models in order to capture the natural trends in the data. All 
analyses were conducted using the geoR package v2·14·1 in R statistical software (28, 29). 
 
Ethical clearance 
 
Ethical clearance for all surveys was obtained from the Ministry of Health (MoH) in Burundi, 
school teachers and the parents or guardians of the children recruited in the study. Ethical clearance 
was also obtained by the SCI from Imperial College Research Ethics Committee (ICREC_8_2_2). 
Data were anonymised prior to analysis by assigning each participant a unique identification 
number. 
RESULTS 
 
Data for analysis 
 
Sample sizes and characteristics of the children recruited at baseline and surveyed at each time-
point at the two sets of sentinel sites (pilot and extension sites) are shown in Table 5.1. A total of 
42,725 epidemiological assessments were done throughout the five years across all sentinel sites; 
21,778 for the pilot study and 20,947 for the extension study. The percentage of individuals 
recruited each year and the nested cohort followed throughout the years can be found in the Annex 
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(Table S5.1, Annex). Mean participant age was relatively constant across sentinel sites, ranging 
from 9.93 to 10.84 years between 2007 and 2011 for the pilot study, and ranging between 10.48 and 
11.03 from 2008 to 2011 for the extension study. In the 2014 re-evaluation surveys, the mean age 
was 13.19 and 13.33 years for the pilot and the extension schools respectively.  
 
Table 5. 1: Characteristics of study participants and mean prevalence estimated from the raw data of STH over five 
years of monitoring in two sets of sentinel sites in Burundi 
Year  
 
2007 
12 schools 
2008 
12 schools 
2009 
12 schools 
2010 
12 schools 
2011 
12 schools 
2014 
12 schools 
Pilot Study       
Number of Participants 3616 3476 4944 5062 4680 650 
Mean Age 10.81 10.66 10.6 10.84 9.93 13.19 
Gender Ratio (F:M) 0.53 0.51 0.51 0.52 0.52 0.5 
 
Raw Mean Prevalence (sd) 
Pooled STH 0.32 (0.008) 0.19 (0.007) 0.27 (0.006) 0.17 (0.005) 0.16 (0.005) 0.18 (0.015) 
Ascaris 0.14 (0.006) 0.11 (0.005) 0.18 (0.005) 0.10 (0.004) 0.11 (0.005) 0.12 (0.013) 
Trichuris 0.03 (0.003) 0.02 (0.002) 0.04 (0.003) 0.02 (0.002) 0.02 (0.002) 0.03 (0.007) 
Hookworm 0.18 (0.006) 0.07 (0.004) 0.08 (0.004) 0.06 (0.003) 0.04 (0.003) 0.04 (0.008) 
 
Raw Mean Intensity Of Infected Pupils Only (sd) 
Ascaris 2667 (397) 3624 (624) 793 (66) 2065 (147) 1970 (176) 1831 (418) 
Trichuris 177 (41) 157 (52) 112 (24) 143 (33) 91 (20) 70 (23) 
Hookworm 111 (15) 177 (28) 85 (6) 224 (51) 104 (9) 282 (151) 
 
Intensity of Infection (uninfected/light/moderate/heavy) 
Ascaris (n) 
            (%) 
3109/437/62/1 
86/12/2/0% 
3075/338/54/4 
89/10/2/0% 
4063/852/27/0 
82/17/1/0% 
4542/456/57/0 
90/9/1/0% 
4159/452/60/0 
89/10/1/0% 
575/61/14/0 
88/9/2/0% 
       
Trichuris (n) 
               (%) 
3488/116/4/0 
97/3/0/0% 
3412/62/1/0 
98/2/0/0% 
4728/211/2/0 
96/4/0/0% 
4969/85/1/0 
98/2/0/0% 
4578/91/2/0 
98/2/0/0% 
629/21/0/0 
97/3/0/0% 
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 Added in brackets are the standard errors for the raw mean prevalence (√
?̂?(1−?̂?)
𝑛
 ) and the raw intensity means ( 
𝑠?̂?
√𝑛
 ) 
       
Hookworm (n) 
                 (%) 
2974/633/1/1 
82/18/0/0% 
3235/236/4/1 
93/7/0/0% 
4566/375/0/0 
92/8/0/0% 
4737/313/3/2 
94/6/0/0% 
4489/182/0/0 
96/4/0/0% 
622/27/0/1 
96/4/0/0% 
       
Year 
 
2007 
19 schools 
2008 
19 schools 
2009 
19 schools 
2010 2011 
19 schools 
2014 
14 schools 
Extension Study       
Number of Participant  5700 6378  8869 700 
Mean Age  10.98 10.48  11.03 13.33 
Gender Ratio (F:M)  0.50 0.50  0.52 0.50 
 
Raw Mean Prevalence (sd) 
Pooled STH  0.35 (0.006) 0.26 (0.005)  
0.16 
(0.004) 
0.20 (0.015) 
Ascaris  0.20 (0.005) 0.10 (0.004)  
0.09 
(0.003) 
0.10 (0.011) 
Trichuris  0.10 (0.004) 0.10 (0.004)  
0.04 
(0.002) 
0.03 (0.006) 
Hookworm  0.14 (0.005) 0.09 (0.004)  
0.05 
(0.002) 
0.08 (0.010) 
 
Raw Mean Intensity Of Infected Pupils Only (sd) 
Ascaris   2081 (178) 1147 (191)  1581 (138) 1084 (258) 
Trichuris  122 (9) 106 (12)  86 (6) 45 (6) 
Hookworm  100 (11) 85 (6)  120 (13) 151 (36) 
 
Intensity of Infection (uninfected/light/moderate/heavy) 
Ascaris (n)  
            (%) 
 
4581/1002/114/3 
80/18/2/0% 
5702/637/30/1 
90/10/0/0% 
 
8059/732/50/1 
91/8/1/0% 
628/69/3/0 
90/10/0/0% 
       
Trichuris (n) 
               (%) 
 
5150/542/6/0 
90/10/0/0% 
5736/628/6/0 
90/10/0/0% 
 
8478/362/2/0 
96/4/0/0% 
682/18/0/0 
97/3/0/0% 
       
Hookworm (n) 
                  (%) 
 
4907/790/0/1 
86/14/0/0% 
5823/546/1/0 
91/9/0/0% 
 
8425/412/4/0 
95/5/0/0% 
645/55/0/0 
92/8/0/0% 
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Changes in Prevalence of Infection and Co-Infection Over Time 
Baseline Prevalence of STH  
 
Raw prevalence values in each year of the study for each STH species, individually and pooled, are 
shown in Table 5.1 and Figure 5.2. At baseline, hookworm and A. lumbricoides were the most 
prevalent STH species. Baseline prevalence levels of A. lumbricoides and hookworm were 14% and 
18% respectively in the pilot schools, and at 20% and 14% respectively in the extension schools. 
The overall baseline prevalence of T. trichiura was below 10% (Table 5.1). 
 
Figure 5. 2: Temporal changes in the raw prevalence of individual and pooled STH parasite species, as well as co-
infection, at (A) pilot and (B) extension study schools 
 
 
 
 
 
 
 
 
 
 
 
b. 
c. d. 
a. 
A B 
a. b
. 
c. d
. 
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In graphs A and B, each line represents an individual school. In graph C each line represents one of the co-infection 
types analysed: Ascaris and Hookworm (AH); Ascaris and Trichuris (AT); Hookworm and Trichuris (HT); and 
infection with all three STH species (AHT).  
 
Temporal Changes in Pooled STH Prevalence  
 
Results of models analysing pooled STH prevalence are shown in Tables 5.3 and 5.4. Figures S5.1 
and S5.2 of the Annex illustrate these models with prevalence plotted separately for each school. 
The pseudo-R2 values for both models were low, especially for the pilot schools’ models. In both 
pilot and extension schools, STH prevalence declined significantly between baseline and 2011, and 
also between baseline and 2014 (Tables 5.3 and 5.4). In both sets of sentinel sites, coefficients 
comparing baseline with 2014 were less in absolute size than those comparing baseline with 2011, 
implying that STH prevalence did not decrease further between 2011 and 2014.  
Boys were significantly more likely to harbour STH infections than girls in extension schools, and 
age had a significant influence on the risk of infection. In the pilot schools the risk of infection 
increased with age, while in the extension schools it was maximal at the mean age and decreased for 
those ages below and above the mean.  
C 
b. a. 
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Table 5. 2: Co-infection prevalence from 2007 – 2011, mapping 2014. 
 
Year No Infection mono-infected AT AH TH ATH 
2007 68.04% 29.09% 1.12% 1.43% 0.22% 0.08% 
2008 71.01% 24.14% 2.72% 1.03% 0.50% 0.60% 
2009 72.96% 24.43% 1.48% 0.57% 0.42% 0.14% 
2010 82.61% 16.66% 0.55% 0.12% 0.04% 0.02% 
2011 84.19% 14.24% 1.15% 0.24% 0.16% 0.03% 
2014 81.11% 17.85% 0.37% 0.52% 0.15% 0.00% 
 
(A = A. lumbricoides; T= T. trichiura, H = hookworm) 
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Table 5. 3: Predictors of infection with STH overall, Ascaris, and hookworm, across pilot study sentinel sites in Burundi combined with prevalence data obtain by a mapping survey 
in 2014 from the same schools. 
 
 
Results shown are from binomial mixed models. Age was standardised (mean centred and divided by the estimated standard deviation). ns=not significant, p > 0.05, * p ≤ 0.05, ** p  ≤ 
0.01,  *** p ≤ 0.001. 
 
PILOT STUDY  
2007 – 2011 
MAPPING 2014 
Pooled STH Ascaris lumbricoides Hookworm 
n = 22341 observations  
pseudo-R2MF = 0.057,  
R2marg. = 0.037; R
2
cond. =  0.21 
n = 22347 observations  
pseudo-R2MF = 0.17,  
 R2marg. = 0.028 ; R
2
cond. =  0.40 
n = 22351 observations 
pseudo-R2MF = 0.13,  
 R2marg. = 0.079; R
2
cond. =  0.48 
Fixed Effects Category 
Parameter  
(SE) 
Adjusted odds ratio 
(95% CI) 
p 
Parameter  
(SE) 
Adjusted odds ratio 
(95% CI) 
p 
Parameter  
(SE) 
Adjusted odds ratio 
(95% CI) 
p 
(Intercept)   -0.90 (0.17) 0.41 (0.29, 0.56) *** -2.5 (0.36) 0.08 (0.04, 0.17) *** -2.20 (0.44) 0.11 (0.05, 0.26) *** 
Year 2007                  
  2008 -0.90 (0.26) 0.4 (0.24, 0.67) *** -1.05 (0.4) 0.35 (0.16, 0.76) ** -1.29 (0.28) 0.28 (0.16, 0.47) *** 
  2009 -0.43 (0.23) 0.65 (0.41, 1.01) ns -0.24 (0.45) 0.79 (0.33, 1.89) ns -0.87 (0.35) 0.42 (0.21, 0.82) * 
  2010 -0.90 (0.2) 0.41 (0.27, 0.61) *** -0.84 (0.26) 0.43 (0.26, 0.72) ** -1.36 (0.34) 0.26 (0.13, 0.5) *** 
  2011 -1.14 (0.23) 0.32 (0.2, 0.5) *** -0.48 (0.2) 0.62 (0.41, 0.92) * -2.26 (0.38) 0.10 (0.05, 0.22) *** 
  2014 -0.85 (0.25) 0.43 (0.26, 0.71) *** 0.05 (0.31) 1.05 (0.57, 1.93) ns -1.48 (0.5) 0.23 (0.09, 0.6) ** 
Age   -0.07 (0.019) 0.94 (0.9, 0.97) *** -0.12 (0.025) 0.89 (0.85, 0.93) *** 0.02 (0.028) 1.02 (0.97, 1.08) ns 
Age^2   -0.01 (0.017) 0.99 (0.95, 1.02) ns -0.03 (0.023) 0.97 (0.93, 1.01) ns -0.02 (0.025) 0.98 (0.94, 1.03) ns 
Sex  F                  
  M 0.09 (0.037) 1.09 (1.01, 1.17) * 0.08 (0.048) 1.08 (0.98, 1.19) ns 0.09 (0.053) 1.09 (0.98, 1.21) ns 
Random 
Effects 
  Variance Sd   Variance Sd   Variance Sd   
Pupil 
(Intercept) 
  0.43 0.66 ***  0.56 0.75  *** 0.33 0.57 *** 
School 
(Intercept) 
  0.31 0.55   1.50 1.23   2.2 1.50   
Year 2008   0.76 0.87   1.60 1.25   0.63 0.79   
Year 2009   0.59 0.77   2.20 1.48   1.3 1.14   
Year 2010   0.46 0.68   0.66 0.81   1.2 1.10   
Year 2011   0.59 0.77   0.36 0.60   1.1 1.05   
Year 2014   0.60 0.78   0.84 0.92   1.8 1.35   
Random Slope 
year 
     ***     ***     *** 
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Temporal Changes in Individual Species Prevalence 
 
In 2011, following repeated annual treatment, the prevalence of all individual STH species was 
significantly less than at the 2007 baseline in both pilot and extension schools (Tables 5.3, 5.4). In 
both pilot and extension schools, prevalence reductions from baseline to 2011 were strongest for 
hookworm (Adjusted Odds Ratio (AOR) = 0.10 in pilot schools and 0.25 in extension schools, p < 
0.001 for both), and weakest for A. lumbricoides (AOR = 0.62, p = 0.017 for pilot schools and AOR 
= 0.40, p < 0.001 for extension schools). Prevalence reduction of T. trichiura in extension schools 
was between that for hookworm and A. lumbricoides (AOR = 0.34, p < 0.001). The T. trichiura 
models in the pilot studies did not converge. 
Patterns of change in individual species between baseline and 2014, were similar to between 
baseline and 2011 but less pronounced. In both pilot and extension schools again hookworm 
showed the strongest decline from baseline. However, the magnitude of reduction in pilot schools in 
2014 (AOR = 0.23, p = 0.003) compared to baseline was less than in 2011, but in extension schools 
was greater than 2011 (AOR = 0.20, p = 0.0012). For A. lumbricoides, the pilot schools showed no 
evidence of reduction in prevalence between baseline and 2014 (AOR = 1.05, p = 0.87), while the 
extension schools showed less reduction in prevalence from baseline compared to 2011 (AOR = 
0.49, p = 0.028). This implies that prevalence did not decrease further between 2011 and 2014 
(Tables 5.3, 5.4). Similar to A. lumbricoides in the extension schools, T. trichiura prevalence in 
2014 was significantly less than at baseline but the estimate of the reduction was very slightly less 
than in 2011 (AOR = 0.3,  p < 0.001).
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Table 5. 4: Predictors of infection with pooled STH species, Ascaris lumbricoides, hookworm, and Trichuris trichiura across extension study sentinel sites in Burundi combined with 
prevalence data obtain by a re-evaluation survey in 2014 from the same schools. 
 
Results shown are from binomial mixed models. Age had been standardised (mean centred and divided by estimated standard deviation). ns=not significant  p > 0.05, * p ≤ 0.05, ** 
p  ≤ 0.01, *** p ≤ 0.001  
EXTENSION STUDY  
2008 – 2011 
MAPPING 2014 
Pooled STH Ascaris Hookworm Trichuris 
n = 20871 observations  
pseudo-R2MF = 0.13,  
 R2marg. = 0.064; R
2
cond. = 0.31 
n = 20879 observations 
pseudo-R2MF = 0.22,  
 R2marg. = 0.024; R
2
cond. = 0.50 
n = 20876 observations 
pseudo-R2MF = 0.096,  
 R2marg. = 0.082; R
2
cond. = 0.22 
n = 20877 observations 
pseudo-R2MF = 0.15,  
 R2marg. = 0.058; R
2
cond. = 0.42  
Fixed Effects  
Parameter  
(SE) 
Adjusted odds 
ratio 
(95% CI) 
p 
Parameter  
(SE) 
Adjusted odds 
ratio 
(95% CI) 
p 
Parameter  
(SE) 
Adjusted odds 
ratio 
(95% CI) 
p 
Parameter  
(SE) 
Adjusted odds ratio 
(95% CI) 
p 
(Intercept)   
-0.75 (0.22) 0.47 (0.31, 0.73) *** -2.22 (0.39) 0.11 (0.05, 0.23) *** 
-2.05 
(0.16) 0.13 (0.09, 0.18) *** -2.94 (0.28) 0.05 (0.03, 0.09) *** 
Year 2008                         
  2009 
-0.54 (0.21) 0.58 (0.39, 0.88) * -0.52 (0.31) 0.59 (0.32, 1.09) ns 
-0.79 
(0.21) 0.45 (0.3, 0.68) *** 0.08 (0.23) 1.09 (0.7, 1.69) ns 
  2011 
-1.30 (0.17) 0.27 (0.2, 0.38) *** -0.92 (0.22) 0.40 (0.26, 0.62) *** 
-1.39 
(0.18) 0.25 (0.17, 0.36) *** -1.07 (0.18) 0.34 (0.24, 0.49) 
*** 
  2014 
-1.01 (0.21) 0.36 (0.24, 0.55) *** -0.71 (0.32) 0.49 (0.26, 0.93) * 
-1.60 
(0.49) 0.20 (0.08, 0.53) ** -1.21 (0.33) 0.3 (0.16, 0.56) *** 
Age   
-0.02 (0.02) 0.98 (0.94, 1.02) ns -0.08 (0.026) 0.92 (0.87, 0.97) ** 
0.05 
(0.029) 1.05 (1, 1.12) ns -0.02 (0.031) 0.98 (0.92, 1.04) ns 
Age^2   
-0.06 (0.017) 0.94 (0.91, 0.98) *** -0.04 (0.023) 0.96 (0.92, 1.01) ns 
-0.03 
(0.025) 0.97 (0.92, 1.01) ns -0.1 (0.028) 0.9 (0.85, 0.95) *** 
Sex  F                         
  M 
0.12 (0.037) 1.13 (1.05, 1.22) *** 0.11 (0.048) 1.12 (1.02, 1.23) * 
0.12 
(0.052) 1.13 (1.02, 1.25) * 0.09 (0.058) 1.09 (0.98, 1.22) ns 
Random Effects   Variance Sd  Variance Sd  Variance Sd  Variance Sd   
Pupil (Intercept)   0.24 0.49 *** 0.26 0.51 *** 0.16 0.40 ns 0.66 0.81 *** 
School (Intercept)   0.90 0.95   2.82 1.68   0.41 0.64   1.4 1.18   
Year 2009   0.78 0.89   1.65 1.28   0.70 0.84   0.82 0.90   
Year 2011   0.47 0.69   0.81 0.90   0.52 0.72   0.39 0.63   
Year 2014   0.44 0.67   1.08 1.04   1.96 1.4   0.28 0.53   
Random Slope year      ***     ***   ***   *** 
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Table 5. 5: Predictor of presence of multiple infections across all extension study sentinel sites in Burundi combined with the data obtained by a mapping survey in 2014 at the same 
schools 
 
EXTENSION STUDY 2008 - 2011, 
MAPPING 2014 
Multiple infections  
n = 20871   observations   
pseudo-R2MF =0.196; R
2
marg = 0.079, R
2
cond. = 0.479 
 
Fixed Effects Category Parameter (sd) adjOddsRatio (95%CI) p 
(Intercept)  -3.61 (0.35) 0.03 (0.01, 0.05) < 0.001 
Year 2009 -0.57 (0.21) 0.57 (0.37, 0.86) 0.008 
 2011 -1.59 (0.21) 0.2 (0.13, 0.31) < 0.001 
 2014 -1.88 (0.72) 0.15 (0.04, 0.62) 0.009 
Sex F     
 M 0.17 (0.078) 1.18 (1.01, 1.37) 0.033 
Age  -0.03 (0.044) 0.97 (0.89, 1.06) 0.529 
Age^2  -0.09 (0.039) 0.91 (0.84, 0.98) 0.016 
Random Effects   Variance Sd   
Pupil (Intercept)  0.55 0.74 < 0.001 
School (Intercept) 2.00 1.40  
Year 2009  0.50 0.71  
Year 2011  0.30 0.55  
Year 2014  2.00 1.40  
Random Slope year    
< 0.001 
 
All pupils (infected and uninfected) were included in the data. Results are from a binomial mixed model, age had been mean-centred and divided by the estimate of its standard 
deviation.  
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Table 5. 6: Predictor of presence of multiple infections across all extension study sentinel sites in Burundi combined with the data obtained by a mapping survey in 2014 at the same 
schools. 
 
EXTENSION STUDY 2008 - 2011, 
MAPPING 2014 
Multiple Infections (Infected Pupils Only) 
n  =  5027 observations 
pseudo R2MF = 0.186; R
2
marg. = 0.300, R
2
cond. = 0.402 
Fixed Effects Category Parameter (sd) adjOddsRatio (95%CI) p 
(Intercept) -2.06 (0.2) 0.13 (0.09, 0.19) < 0.001 
Year 2009 -0.8 (0.11) 0.45 (0.36, 0.56) < 0.001 
 2011 -0.53 (0.11) 0.59 (0.47, 0.73) < 0.001 
 2014 -1.27 (0.4) 0.28 (0.13, 0.62) 0.002 
AGE  -0.01 (0.046) 0.99 (0.9, 1.08) 0.788 
SEXM F    
 M 0.11 (0.089) 1.12 (0.94, 1.33) 0.198 
Ascaris (epg) 0.22 (0.055) 1.24 (1.12, 1.39) < 0.000 
Hookworm (epg) 0.41 (0.075) 1.5 (1.3, 1.74) < 0.001 
Trichuris (epg) 1.14 (0.084) 3.12 (2.65, 3.68) < 0.001 
Random Effects   Variance Sd   
Pupil (Intercept) 0 0 1 
School (Intercept) 0.56 0.75  
 
 
 
Only data from infected pupils was included. Results are from a binomial mixed model. Age and the egg counts from Ascaris, hookworm, and Trichuris in epg had been mean-
centred and divided by the estimate of its standard deviation 
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Prevalence of A. lumbricoides decreased with age for both the pilot and the extension schools while 
the maximum prevalence of infection of T. trichiura in the extension schools was reached at 
approximately 11 years of age (Tables 5.3 & 5.4). Age was not significant for hookworm in either 
model (Tables 5.3 & 5.4).    
Sex did not have a significant effect on the risk of infection in the pilot schools. In the extension 
schools the risk of infection was greater for boys for hookworm (p = 0.019) and A. lumbricoides (p 
= 0.021) although pseudo-R2 values for the hookworm model are small.  
For all models, the large difference between the pseudo-R2 based on the fixed effects only (marginal 
pseudo-R2) and based on the fixed and random effects (the conditional pseudo-R2), suggested that a 
large portion of the variation in the data was explained by differences between schools and 
individual pupils. Furthermore, the magnitude and significance of the year by school interaction (p-
value less than 0.001 for all models), showed that temporal changes in prevalence differed notably 
across schools. In all single species models, the probability of infection was influenced more 
significantly by school-level than individual-level factors (Tables 5.3, 5.4). The variance explained 
by school was greatest for A. lumbricoides, especially in the pilot study.  
 
Prevalence of Multiple Infections 
 
The prevalence of multiple infection was generally low (Table 5.2, Figure 5.2C), with the highest 
multiple infection prevalence seen in 2008, with 4.85% individuals infected with two or more 
species. For the prevalence of multiple infections based on all children, to enable comparison with 
previous analyses, only models for extension schools converged. The model based on all pupils 
(infected and uninfected) indicated a steady decline in the prevalence of multiple infections from 
baseline with the greatest decline in 2011 (Table 5.5). When analysis was restricted to only children 
infected with at least one species, to enable intensity of infection of individual species to be 
included in the model, again only the extension study models converged. The adjusted odds ratios 
for T. trichiura was 3.12, more than twice the adjusted odds ratios for A. lumbricoides or hookworm 
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(Table 5.6).  This indicates that infection with T. trichiura was associated with a greater probability 
of multiple infection than the other two infection types.  
 
Prevalence of Moderate and Heavy Infections 
 
The majority of infections were found to be of light intensity (Table 5.1). No more than five 
instances of heavy infection were detected during the course of the study in any species in either the 
pilot or extension schools (Table 5.1). Therefore prevalence of heavy infection was analysed. 
Moderate infections were similarly sparse being below 0.2% for T. trichiura and hookworm in all 
years, and mainly found in A. lumbricoides (Table 1). Models for the prevalence of infections which 
were at least moderate only converged for A. lumbricoides for extension schools (Table 5.7), and 
showed a non-significant decrease between baseline and 2011, and baseline to 2014 respectively (p 
= 0.097 and p = 0.759).   
 
Table 5. 7: Predictor of an infection of at least moderate intensity across extension study sentinel sites in Burundi 
combined with the intensity data obtained by a mapping survey in 2014 from the same schools. 
EXTENSION STUDY 2008 - 2014, MAPPING 
2014 
Ascaris 
n =  20879 observations  
pseudo-R2MF = 0.195; R
2
marg. = 0.078, R
2
cond. = 0.662 
Fixed Effects Category Parameter (sd) adjOddsRatio (95C%I) p 
(Intercept)  -5.92 (0.72) 0 (0, 0.01) <0.001 
Year 2009 -2.27 (1.2) 0.1 (0.01, 1.15) 0.065 
 2011 -1.23 (0.74) 0.29 (0.07, 1.25) 0.097 
 2014 -0.46 (1.5) 0.63 (0.03, 11.83) 0.759 
Age  -0.21 (0.082) 0.81 (0.69, 0.95) 0.009 
Age^2  -0.11 (0.075) 0.89 (0.77, 1.04) 0.137 
     
Sex F    
 M 0.16 (0.15) 1.18 (0.88, 1.58) 0.2823 
Random Effects   Variance Sd   
Pupil (Intercept)  0.40 0.63  
School (Intercept)  5.30 2.30  
Year 2009  1.50 1.20  
Year 2011  0.82 0.91  
Year 2014  6.80 2.60  
Random Slope Year    <0.001  
 
Results shown are from binomial mixed models. Age had been mean centred and divided by the estimate of its standard 
deviation. 
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Temporal Changes in the Spatial Dependence of STH Prevalence  
 
Figures 5.3, 5.4 and 5.5 show semivariograms for the prevalence of each STH species in each year. 
Spatial dependence was evident for all parasite species, though not in every year of the study.  
Table 5.8 summarises these results. 
 
Table 5. 8: Results of semivariograms for each STH infection in each year 
Results show that prevalence of A. lumbricoides demonstrated spatial clustering in 2010 
(Figure 5.3D) and 2011 (Figure 5.3E) with an average cluster size of 55km and 101km 
Year Ascaris lumbricoides Trichuris trichiura Hookworm 
2007 None None None 
Propensity for clustering 
(%) 
NA NA NA 
Average size of clusters NA NA NA 
2008 Trended  Clustered (63km) Trended 
Propensity for clustering 
(%) 
NA 100% NA 
Average size of clusters Spatial trend 63 Spatial trend 
2009 None Trended Trended 
Propensity for clustering 
(%) 
NA NA NA 
Average size of clusters 
(km) 
NA Spatial trend Spatial trend 
2010 Clustered (55km) None None 
Propensity for clustering 
(%) 
66.7% NA NA 
Average size of clusters 55 NA NA 
2011 Clustered (101km) Trended Trended 
Propensity for clustering 
(%) 
95.2% NA NA 
Average size of clusters 
(km) 
101 Spatial trend Spatial trend 
2014 Trended Trended Trended 
Propensity for clustering 
(%) 
NA NA NA 
Average size of clusters Spatial trend Spatial trend Spatial trend 
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respectively. A spatial trend in the prevalence of A. lumbricoides infection was evident in 
2008 and 2014.  
In the case of prevalence of T. trichiura (Figure 5.4), clustering was evident in 2008, with 
spatial trends in prevalence evident in 2009, 2011 and 2014 (Figure 5.4). No spatial 
dependency patterns were evident in 2007 and 2010 (Figure 5.4).  
In the case of prevalence of hookworm infection (Figure 5.5), results showed no spatial 
clustering. However, the results indicate that a spatial trend in prevalence of hookworm 
infection was observed in 2008, 2009, 2011 and 2014 (Figures 5.5).  
 
Figure 5. 3: A. lumbricoides semivariograms per year in decimal degrees  
 
(a. 2007, b. 2008, c. 2009, d. 2010, e. 2011, f. 2014) 
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Figure 5. 4: T. trichiura semivariograms per year in decimal degrees 
 
(a. 2007, b. 2008, c. 2009, d. 2010, e. 2011, f. 2014) 
 
 
 
Figure 5. 5: Hookworm parasite semivariograms per year in decimal degrees  
 
(a. 2007, b. 2008, c. 2009, d. 2010, e. 2011, f. 2014) 
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Temporal Changes in the Spatial Dependence of the Prevalence of Ascaris 
Lumbricoides Intensity of Infection Profiles 
 
Figures S5.4 to S5.7 of the Annex demonstrate the spatial variation in the prevalence of low 
intensity infection profile for all other parasites. While there was no evidence of clustering in 
intensity of infection profiles for any of the STH species, results indicate a strong spatial 
trend in the prevalence of low intensity of infection category for A. lumbricoides (Figure 
S5.4, Annex). This was for all years with the exception of 2007 and 2009. No spatial trends 
in the prevalence of moderate A. lumbricoides intensity of infection were evident in any year 
(Figure S5.5, Annex). 
 
DISCUSSION  
 
This study reports an epidemiological evaluation of the impact of eight years of mass 
deworming in Burundi. Several impact surveys have been reported in the literature. However, 
apart from an eight-year follow up of schistosomiasis and intestinal helminthiasis in one 
school in Burundi (9), a study on seven years of MDA in Myanmar (30), and a two-year 
study on ALB/MBZ MDA deworming in Cuba (31), there is a significant lack of literature 
reporting repeated annual survey data evaluating the impact of long-term ALB/MBZ MDA 
on STHs both at national and district levels. There is also a significant gap in the literature 
addressing the long-term nationwide impact of an annual national MDA programme on the 
spatial heterogeneity of important direct infection indicators. 
 
Impact of MDA Programme on STH Infection Indicators 
 
Looking at the first five years of the NTD programme in Burundi, our data confirm that 
repeated mass administration of ALB/MBZ significantly reduced the prevalence of STH 
single and co-infections in primary school children across Burundi. This significant reduction 
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in infection prevalence was demonstrated in both pilot and extension studies from 2007 to 
2011. An impact on intensity of infection could not be properly observed as the majority of 
the infected population was already within the low intensity category (32); hence it was 
difficult to quantify any significant decrease in this parameter. 
Schools, however, did not show the same trend of progressive infection reduction. The 
observed differences in prevalence trends are supported by the strong statistical significance 
of the school by year random interaction. This observation cannot be explained by the 
reported ALB/MBZ coverage data for these years, in that the coverage of a ALB/MBZ 
administration across the entire country was reported to be homogeneous with a satisfactory 
coverage, often over 95% for school age children in each district (33).  
Along with this inter-school variance, a temporarily increased prevalence was observed in 
2009 in a few specific schools in the pilot study. The first possible explanation could have 
been a low therapeutic coverage during the previous MDA round in those areas. However, 
the MOH reported that in December 2008, the coverage of ALB/MBZ treatment for school 
age children was above 88% for pilot sites in Bururi, Bubanza and Cibitoke provinces. A 
possible explanation is that in 2009 a new training programme for technical ground staff was 
implemented. The introduction of this programme possibly improved the performance of 
laboratory technicians in some of these provinces, which may have increased parasite 
detection rates and thus influenced the prevalence (Ministry of Health statement, personal 
communication).  
The analysis of data collected in the same schools in 2014 provided interesting insight into 
the long-term sustainability of MDA programmes. Despite six more cycles of ALB/MBZ 
treatments, delivered in June and December each year from 2011 to May 2014, A. 
lumbricoides infection remained prevalent in the country. Raw data showed the absence of 
further prevalence reduction, and statistical models comparing the A. lumbricoides prevalence 
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in 2014 with the one in 2007 in the pilot schools, demonstrated that there was no statistically 
significant decrease of infection since 2007. However, in the extension schools the 
prevalence of A. lumbricoides in 2014 was significantly below that observed in 2008. That 
said, the parameter estimate for 2014 was higher than that for 2011, indicating no further 
decrease in prevalence between these years. 
The current results support STH prediction models (26, 27, 34-36) which state that, when 
starting with a baseline of moderate prevalence levels (as was the one observed in this study 
in 2007-2008), biannual treatment of school age children can reduce the prevalence to what 
has been observed in Burundi in 2011 and 2014. However, after this initial reduction, no 
further reductions in prevalence will be observed. Although MDA programmes are a viable 
option for morbidity control, they are less suitable as a sole intervention for reaching 
elimination goals (37).  
It should also be taken into account that throughout these years, an onchocerciasis 
programme targeting the whole population above the age of five with ivermectin and 
integrating treatment with either ALB or MBZ for treatment of worm infections, was also 
running in 10 districts (Cibitoke, Mabayi, Bubanza, Mpanda, Bururi, Matana Rumonge, 
Makamba, Rutana and Gihofi). Some of these included schools where we observed infection 
increases (Ministry of Health onchocerciasis statements and reports to donors). It would have 
been expected that in the schools located in the onchocerciasis areas, a third annual treatment 
could have led to a more rapid decrease of infection. However that, unfortunately, was not 
observed. Furthermore, political unrest and civil problems in Burundi and the resulting 
internal displacement of people was particularly observed in late 2009 and throughout 2010. 
This unrest most likely hindered the implementation of the epidemiological assessment in 
year 2010, and possibly also drug delivery in those schools where assessment was not 
feasible, and possibly in much larger areas also. 
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Impact of MDA on Spatial Heterogeneity of STH Infections 
 
Investigation into the spatial variation in STHs infections in the African context have 
previously been reported by others (35, 38) but previous studies failed to investigate the 
longitudinal effect of a recurring MDA programme on the spatial clustering properties of 
these infections, such as the propensity for clustering and the average size of clusters. The 
novelty of this study lies in understanding the spatial heterogeneity in infection patterns, 
which has the potential to support targeted planning and strategy development prior to the 
implementation of an MDA programme. Our results provide new insights on how spatial 
dependence varied over time. The nature of this clustering also depends on the transmission 
domains of the various species (39). A. lumbricoides and T. trichiura prevailed in the 
domestic domain and transmission/contamination occurring within or near the home and 
school environment. Hookworm prevailed in the public domain and is thus more difficult to 
control.  
Furthermore, the observed changes in the spatial dependence of STH infections, namely the 
transition from a clustered effect to a spatial trend in prevalence for A. lumbricoides and the 
fluctuations of spatial dependence in T. trichiura and hookworm parasites, can be partially 
attributed to the success and effectiveness of MDA programmes in controlling STH 
infections. This may be because there is an underlying trend with local heterogeneity, and the 
MDA programme dampened the local clustering revealing this trend. Other contributing 
factors include the biology of the STH species. Hookworm larval stages ensure the parasites’ 
survival in the soil because its mobility means it is better at adapting to changing 
environmental conditions. Thus, hookworm infections tend to be more widespread and 
transmission tends to occur in the public domain (39, 40). On the contrary, for A. 
lumbricoides and T. trichiura prevalence, some spatial correlation is expected as both A. 
lumbricoides and T. trichiura exist in an egg form in the soil and unlike hookworm, they are 
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immobile. This results in a more clustered effect since most infections with these parasites 
are more likely to occur in the household domain (39-41). The spatial patterns for the 
intensity of infection followed a very similar trajectory as that for prevalence of infection 
indicators, where spatial trends were evident.  
 
Limitations 
 
The work presented in this Thesis has some limitations. With the intention of assessing 
impact on all worm infections, collection of data from the adult population would have been 
extremely useful to understand the impact in this neglected segment of the population. This is 
especially the case for hookworm, as assessment of samples from an older population, over 
20-25 years of age (42), would have been more appropriate to evaluate the impact of drug 
treatment on disease intensity. However, the collection of a sample cohort from this 
population with sufficient statistical power was not logistically possible within the routine 
national M&E strategy for Burundi. This is because the national monitoring programme 
focuses on monitoring of children in sentinel schools. To assess adults was beyond the scope 
of the programme as it would have been too difficult to identify a single time to treat all 
adults as well as children, without significant disruptions to the workforce and livelihoods.  
This body of research utilised raw data for the spatial dependence analysis, however it is 
generally known that certain environmental factors such as surface temperature, vegetation, 
rainfall and access to water may influence the spatial and temporal distribution of STH 
infections (41). Thus, fixed effect models which account for these variables may be 
necessary, thus highlighting the necessity for further research to better understand this 
relationship. 
Some consideration should also be given to the fact that routine treatment started in a small 
part of the country in 2007 rather than nationwide, and disruptions in 2010 to all extension 
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sites may have influenced the data. It is also important to consider the significance of the 
impact of this single missed year of treatments, which resulted in the resurgence of infection 
prevalence to nearly baseline levels in some regions. This finding highlights the need for 
more permanent interventions that address the underlying issues associated with the 
proliferation of these parasites, such as access to water and sanitation infrastructure, and long 
term health education interventions. These should be conducted concurrently with routine 
deworming programmes (1, 3, 43), if permanent reductions are to be sustained.  
Furthermore, regarding semivariograhy, it is ideal to have a larger sample size to determine 
finer levels of spatial dependency. In year 1 only 12 sites were selected. However, year 1 
schools were selected along and clustered towards the Western regions of the country, closer 
to urban centres for ease of access. Whilst it would have been preferable to have more sites in 
year 1, this was not possible during the piloting phase of the programme and as such the 
clustering of pilot schools has allowed for increased resolution in spatial dependency despite 
having a smaller sample size. 
 
Conclusion 
 
Evaluation of the treatment impact highlights the need to carefully consider several key 
factors for sustained STH control. Two very significant results require attention. First is the 
substantial reduction in moderate and high intensity infections from baseline to 2014 where 
they were virtually non-existent. Second is the near elimination of co-infections from 
baseline to 2014 which were also virtually non-existent. This shift in the intensity of infection 
profile and the prevalence of co-infections demonstrates the strong impact that a nationwide 
MDA programme can have on its own. Thus, our results reconfirm that mass treatment 
programmes are an effective control strategy, but not sufficient on their own for elimination 
purposes. To move toward elimination MDA programmes need to be accompanied by other 
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strategies aimed at improving access to clean water and sanitation, and incorporating social 
interventions for health education. Finally thought should be also given to the possibility of 
increasing frequency of treatment and target population, along with sustainable WASH 
interventions, if STH elimination is to be a priority.  
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Annex 
 
Tables 
Table S5. 1: Sample sizes and numbers of pupils followed up by year for the impact study conducted in Burundi 
from 2007 to 2011 
Follow up year Year when cohort entered the study 
Pilot Study 2007 2008 2009 2010 2011 
2007 3616 0 0 0 0 
2008 1188 2288 0 0 0 
2009 1769 864 2311 0 0 
2010 1326 682 830 2224 0 
2011 1276 660 726 816 1202 
      
Extension Study 2007 2008 2009 2010 2011 
2008  5700 0  0 
2009  3047 3331  0 
2011  2158 1124  5587 
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Figures 
Figure S5. 1: Variation in temporal patterns of prevalence change across pilot study sentinel sites in Burundi 
between 2007 and 2011, and in 2014 based on the models in Table 3.    
 
Each coloured line represents the infection prevalence at a different sentinel site as described by the model. 
Figure S5. 2: Variation in temporal patterns of prevalence change across extension study sentinel sites in 
Burundi between 2007 and 2011, and in 2014 based on the models in Table 4.  
 
Each coloured line represents the infection prevalence at a different sentinel site as described by the model.  
Five schools did not submit STH data for the mapping survey in 2014.  
A 
a. b. c. 
B 
a. b
. 
c. d
. 
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Figure S5. 3: Semivariograms representing the prevalence of A. lumbricoides and T. trichiura coinfection from 
2007 to 2011.  
 
 
Figure S5. 4: A. Lumbricoides Semivariograms representing the prevalence of low- infection intensity from 
2007 to 2014. 
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Figure S5. 5: A. Lumbricoides Semivariograms representing the prevalence of moderate- infection intensity 
from 2007 to 2014. 
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Figure S5. 6: T. trichiura Semivariograms representing the prevalence of low-infection intensity from 2007 to 
2014. 
 
Figure S5. 7: Hookworm Semivariograms representing the prevalence of low-infection intensity from 2007 to 
2014. 
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CHAPTER 6: SPATIOTEMPORAL DISTRIBUTION AND 
POPULATION AT RISK OF SOIL-TRANSMITTED HELMINTH 
INFECTIONS FOLLOWING AN EIGHT-YEAR SCHOOL-BASED 
DEWORMING PROGRAMME IN BURUNDI, 2007-2014 
 
The previous chapter demonstrated that STH MDA programmes in Burundi had a significant 
impact on the reduction of STH prevalence over time. However, whilst an overall reduction 
was evident, the study outlined in Chapter 5 did not provide evidence on subnational areas 
where the reduction in STH prevalence may have been slower than others. It is necessary to 
identify these areas as to better understand how MDAs impact the distribution of STH 
prevalence. In Chapter 6, this gap in understanding the true impacts of MDA on subnational 
spatial variation in STH infection is addressed by developing predictive prevalence models 
using the study data detailed in Chapter 5. 
In this Chapter I analysed data on STH prevalence data collected during the monitoring and 
evaluation of the Burundi MDA programme using Bayesian and model-based geostatistics 
methods. For the first time, the spatial and temporal impacts of the 8 year programme on STH 
infection distribution was evaluated. This approach enabled the development of geostatistical 
predictive maps of STH at risk populations and a thorough evaluation of the geospatial 
impact/progress of the MDA programme and thereby a potential route for optimisation of 
STH control resources. This paper concludes that while the MDA programme in Burundi 
resulted in a reduction in STH prevalence, this reduction was spatiotemporally 
heterogeneous, with some pockets of high prevalence remaining, suggesting that treatment 
coverage and complementary interventions should be evaluated to improve impact.   
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Abstract 
 
Background: Investigating the effect of successive annual deworming rounds on the 
spatiotemporal distribution of infection prevalence and numbers at risk for soil-transmitted 
helminths (STHs) can help identify communities nearing elimination and those needing 
further interventions. This study quantifies the impact of an 8-year mass drug administration 
(MDA) programme from 2007 to 2014, on the spatiotemporal distribution of prevalence of 
STH infections and estimates the number of school-aged children infected with STHs in 
Burundi. 
 
Methods: During annual longitudinal school-based surveys in Burundi between 2007 and 
2011, STH infection and anthropometric data for a total of 40,656 children were collected. 
These data were supplemented with data from a national survey conducted in 2014. Bayesian 
model based geostatistics (MBG) were used to generate predictive prevalence maps for each 
STH species and year. The numbers of children at-risk of infection per district between 2008 
and 2014 were estimated as the product of the predictive prevalence maps and population 
density maps. 
 
Results: Overall, the degree of spatial clustering of STH infections decreased between 2008 
and 2011. In 2014 the geographical clusters of all STH infections reappeared. The reduction 
in prevalence was small for Ascaris lumbricoides and Trichuris trichiura in the centre and 
central north of the country. Predictive prevalence maps for hookworm indicate a reduction in 
prevalence along the periphery of the country. The predicted number of children infected 
with any STH species decreased substantially between 2007 and 2011, but in 2014 there was 
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an increase in the predicted number of children infected with A. lumbricoides and T. 
trichiura. In 2014, the districts with the highest predicted number of children infected with A. 
lumbricoides, T. trichiura and hookworms were Kibuye district (n = 128,903), Mabayi 
district (n = 35,302) and Kiremba (n = 87,511), respectively. 
 
Conclusions While the MDA programme in Burundi resulted in a reduction in STH 
prevalence, this reduction was spatiotemporally heterogeneous, with some pockets of high 
prevalence remaining, suggesting that treatment coverage and complementary interventions 
should be evaluated to improve impact. 
 
Keywords: Spatiotemporal modelling, Soil-transmitted helminths, Predictive risk mapping, 
Number of infections 
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Background 
 
Soil-transmitted helminth (STH) infections are intestinal nematode infections that affect 
approximately 1.6 billion people around the world, with the majority of infections occurring 
in resource-poor settings [1]. Since the signing of the London Declaration on Neglected 
Tropical Diseases (NTDs) in 2012, programmes for the control of STH infections and other 
NTDs have received renewed support from the pharmaceutical industry, the scientific 
community and key development agencies and stakeholders [2]. Reductions in prevalence of 
infection and associated morbidity can be achieved by successive mass drug administration 
(MDA). More recently, it has been argued that to further control and reach elimination 
targets, MDA campaigns would need to be integrated with water, sanitation and hygiene 
(WASH) programmes [3]. While MDA is seen as a cost-effective intervention to achieve 
morbidity control, rapid re-infection means that it can be ineffective at reducing transmission, 
especially for populations living perennially in STH-contaminated environments. Morbidity 
control through long-standing MDA programs can be undermined by geographical disparities 
in drug coverage and drug efficacy, and by socioeconomic conditions that limit the access 
and adequate utilisation of water and sanitation infrastructure [4]. 
The Schistosomiasis Control Initiative (SCI) has been actively involved with the planning, 
implementation and continued monitoring and evaluation of anthelmintic MDA programmes 
using albendazole (ALB) and mebendazole (MBZ) in 16 sub-Saharan African (SSA) nations 
including Burundi. From 2007 until 2014, SCI supported an MDA programme in Burundi 
[5], primarily targeting school-aged children (SAC) and pregnant women. In 2007, a pilot 
longitudinal study was launched in 12 schools, followed in 2008 by an extension study, in 
which an additional 19 schools across the country were added [6]. The longitudinal study 
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aimed to assess the impact of MDA on STH control in Burundi, and found that the overall 
prevalence of STH infection was statistically significantly reduced over the programme’s 
duration. However, this investigation also found that programmatic disruption (due to 
political and civil unrest in late 2009 through to 2010) resulted in substantially reduced levels 
of treatment coverage for that period, with a consequent detectable resurgence in STH 
prevalence. This highlighted the pressing need for STH control interventions to not rely 
solely on MDA, a strategy that may not be sustainable in the long term and which crucially 
requires achieving high levels of treatment coverage and adherence. This notion has been 
supported by numerous other studies [7–9] which indicate that in some endemic areas with 
high transmission, high intensity of infection may persist, requiring integration of MDA with 
WASH if elimination is to be achieved. 
Predictive prevalence mapping based on spatial models that include environmental drivers of 
infection has been widely used to identify areas in SSA where communities are at highest risk 
of STH infection, and thus deworming campaigns should be targeted [10–13]. Most studies 
have focused on estimating the spatial variation of indirect morbidity indicators, such as 
prevalence and intensity of infection [11, 14]. In the case of Burundi, predictive prevalence 
maps were produced in 2007 to focus treatment delivery on areas of high uncertainty of high 
infection prevalence [15]. The study found that predictive prevalence mapping was indeed an 
effective tool for guiding MDA implementation to maximise deworming efficiency [5]. 
However, the impact of successive (annual) MDA rounds on the spatiotemporal variation of 
prevalence of STH infections, such as the ensuing 8-year MDA programme in Burundi [6], 
had not been investigated.  
In our previous study, we found that disruption in the delivery of MDA, for example as a 
result of social unrest, may have contributed to the observed rebound in STH infection 
prevalence [6]. Furthermore, we found that the most common co-infections noted were A. 
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lumbricoides and T. trichiura which peaked in 2008 at 2.72%. However rates of co-infections 
dropped substantially over the course of the MDA, with coinfections making up less than 2% 
per year following 2008. Yet the impact of the MDA programme on the spatiotemporal 
distribution of prevalence of STH infection was largely unknown. Thus mapping 
heterogeneity in prevalence of infection over time is important, as it allows identification of 
areas where MDA has been systematically successful and, more importantly, areas where it 
may have failed and hence further MDA campaigns may be needed. 
In the present study, we aim to: i) quantify the impact of an 8-year MDA programme (from 
2007 to 2014) on the geographical distribution of STH infection prevalence, and ii) estimate 
the spatiotemporal variation in the number of STH-infected children following the 8-year 
programme. Our ultimate goal is to identify areas in Burundi where the impact of MDA has 
been systematically suboptimal at reducing prevalence and number of infections; this will help 
support the planning of further studies within these areas to understand the determinants of 
program coverage and efficacy. Furthermore, it will also support the planning of further 
programmatic activities. 
 
Methods 
 
Data collection on STH infection 
The protocol for data collection for the 2007–2011 surveys has been reported elsewhere [5]. 
In brief, the 2007 to 2011 surveys were conducted in conjunction with the delivery of the 
MDA programme. Data collected included child’s age, sex, height, weight, and parasite egg 
count by STH species. Stool samples were taken from 100 children (approximately 50 boys 
and 50 girls) per school [6]. Each year, samples were collected in May and the MDA round 
was delivered in June. The diagnostic approach using the Kato-Katz method was detailed in 
our previous paper (Chapter 5) [6]. During the 2014 survey, similar data collection protocols 
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comparable to those of the 2008 to 2011 period were used [6]. In 2014, all 12 schools from 
the pilot study plus 14 out of the 19 schools from the extension study were re-assessed to 
evaluate the prevalence and intensity of STH infection after seven years of annual MDA [6]. 
In each school in 2014, 50 pupils aged between 12 and 16 years were recruited, with the 
exception of one pilot study school in which 100 pupils were recruited [5, 6]. In the 2008 to 
2011 cohort, students were aged between 5 and 18 yrs. In 2014, the Ministry of Health, with 
the support of the Schistosomiasis Consortium for Operational Research and Evaluation 
(SCORE), conducted the national re-evaluation survey.  
A single stool sample was collected from each child and duplicate slides were prepared [6]. 
Diagnosis of STH infection was performed using the Kato-Katz technique by trained local 
ground staff [16–18]. If a single egg of a given parasite species was found, the child was 
considered positive for that parasite species. Egg counts were used to detail the intensity of 
infection. 
Geographical coordinates of each school were recorded using hand-held global positioning 
system (GPS) units. Overall prevalence of infection was calculated for each school and for 
each parasite species. These summary data were plotted in a geographical information system 
(GIS) (ArcMap version 10.3, ESRI, Redlands, CA, USA). 
Infection data were gathered and collected from the same 31 schools during three years 
(2008, 2009 and 2011). However, due to civil unrest, only 12 out of the 31 were surveyed in 
2010. In 2014, 26 out of the 31 schools were surveyed due to staffing issues. A total of 
40,656 children were sampled over the 8 years. For the 2014 survey, height, weight and 
blood haemoglobin levels were not measured. 
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Environmental and population data 
Environmental influences on STH species, such as A. lumbricoides and T. trichiura, are well 
known. Land surface temperature (LST), soil type, and distance to a water bodies influence 
the survival of parasite eggs in the environment, and therefore determine the intensity of 
exposure [19]. Equally, the transmission of hookworm species is determined by climate and 
landscape, as their larvae burrow into the soil to survive in more favourable micro-
environments [20]. Electronic data for a normalised difference vegetation index (NDVI) for a 
30 × 30 m grid cell resolution were obtained from Landsat 5 and 8 satellite images via the 
Google Earth Engine (GEE) database (Annex: Table S6.1). Elevation data with a 30 × 30 m 
grid resolution, generated by a digital elevation model (DEM) from the Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation 
Model (GDEM), were obtained. LST data were also obtained from the ASTER system with a 
500 × 500 m resolution. Precipitation data were collected from WorldClim with 1 × 1 km 
grid resolution. Remotely-sensed data for LST and NDVI were recorded monthly from 2007 
to 2014 and a new annual raster file was created. The locations of large perennial inland 
water bodies were obtained from the Food and Agriculture Organization of the United 
Nations [21], and the distance to perennial inland water bodies (DPWB) was estimated for 
each survey location in the GIS. A 5 × 5 km resolution population density surface derived 
from the Global Rural-Urban Mapping Project (GRUMP) beta product was obtained from the 
Centre for International Earth Science Information Network (CIESIN) of the Earth Institute at 
Columbia University [22]. Values at each survey location for all environmental datasets were 
extracted in the GIS. 
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Statistical analyses 
Non-spatial models of STH infection 
Assessment of temporal variation in environmental variables between 2007 and 2011 found 
the environmental variables did not vary significantly between years. As such, only the 2011 
values were used for analyses (Annex: Table S6.2). The relationship between the prevalence 
of infection with each parasite for each of the 31 schools and the arithmetic mean of each 
environmental variable at the school location was evaluated using scatter plots and lines of 
best fit. If the relationship was found to be linear, then the variable was included in the 
univariable and multivariable analysis as a fixed effect. Non-linear relationships were 
explored using linear regression, however we did not consider any transformation for our 
final models. To identity the best set of uncorrelated predictor environmental covariates, the 
Pearson’s correlation coefficient was calculated for all pairs of environmental variables at all 
data locations for all years. 
Fixed-effects binomial logistic regression models of prevalence of infection for each STH 
parasite species were developed in Stata version 10.1 (Stata Corporation, College Station, 
TX, USA). All univariable models included the individual-level variables of age and sex as 
fixed effects, and environmental covariates including either NDVI, LST, precipitation, 
DPWB or elevation. In the univariable analysis, Wald’s P-value of 0.2 was used to select 
variables to be included in the final multivariable models for each parasite species. 
Multivariable analysis was conducted including age and sex as fixed effects in the models 
and all selected environmental variables as fixed effects also. Using a backward stepwise 
process of variable selection, variables with a P-value greater than 0.05 were excluded from 
the final multivariable model. However, if the coefficient of a given variable changed by 
more than one quarter of the value of the model preceding, due to the removal of the variable, 
then the removed variable was deemed to be a confounder and was retained in the final 
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model. If a confounder was identified, the model with the lowest Akaike information 
criterion (AIC) was selected. 
 
Analysis of Residual Spatial Dependence 
Residuals from the final multivariable models for each STH species were extracted for each 
survey year. Residual spatial dependence was estimated using semivariograms, constructed 
using the geoR package of the statistical software R (The R Foundation for Statistical 
Computing) [23]. Semivariograms are defined by three parameters, namely the nugget, the 
range and the sill. The sill is constituted by the sum of the partial sill and the nugget. The 
partial sill and nugget correspond, respectively, to the components of residual variation that 
are spatially structured and unstructured variation (e.g. random error). The range indicates the 
average size of clusters of STH prevalence. The proportion of the variance in the data that is 
due to geographical location can be estimated by dividing the partial sill by the sill. A spatial 
trend in prevalence of infection is present when the sill of a semivariograms is not attained 
within a reasonable range, indicating the range is very large relative to the study area. 
Propensity for clustering is calculated by the partial sill divided by the sum of the partial sill 
and the nugget. 
 
Spatial Risk Prediction and Model Validation 
A total of 40,656 individual observations of STH infection status across all years were 
included in the analysis. 
Spatial modelling was conducted on data collected between 2007 and 2011 and separately for 
2014. Spatial prediction of STH prevalence was performed for each year using model-based 
geostatistics [24] with the Bayesian statistical software, OpenBUGS version 1.4 (Medical 
Research Council Biostatistics Unit, Cambridge, UK and Imperial College London, London, 
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UK). Due to the heavy zero and heavy low infection categories, other model structures were 
not considered suitable for this paper and as such binomial modelling was selected. All 
models included time, individual and environmental covariates as fixed effects plus a 
geostatistical random effect, in which spatial autocorrelation between locations was modelled 
using an exponentially decaying autocorrelation function. To improve identifiability and 
model convergence, all environmental variables were standardised by subtracting the mean 
and dividing by the standard deviation. The resulting regression coefficients for these 
variables represent the effect of a change of one standard deviation in these variables. A 
separate model was constructed per year. 
The outputs of Bayesian models, including parameter estimates and spatial prediction 
at unsampled locations, are distributions termed “posterior distributions”. The posterior 
distributions fully represent the uncertainties associated with the parameter estimates. (Annex 
S6.4: Full model) We summarised the posterior distributions in terms of the posterior mean 
and standard deviation. Predicted prevalence estimates were grouped into 6 categories for 
visualisation to reflect the WHO control guideline categories [25], indicating:  
• category 1: very low STH prevalence (< 2%) 
• category 2: low prevalence (2–10%) 
• category 3: moderate STH prevalence (10–20%) 
• category 4: moderately-high prevalence (20–50%) 
• category 5: high prevalence (50–80% 
• category 6: very high prevalence (> 80%).  
Prediction uncertainty was defined by the standard deviation and was grouped into 3 
categories: low uncertainty (standard deviation < 0.2), moderate uncertainty (standard 
deviation 0.2–0.5) and high uncertainty (standard deviation > 0.5). Estimation of surface 
areas was conducted in ArcGIS using raster calculators and zonal statistics. 
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The predictive accuracy of the prevalence of infection models was assessed using the mean 
prediction error, the mean absolute error and the correlation coefficient between the predicted 
and observed values using the same dataset. . A 25% random sample were selected and 
excluded. Models were run again and the new predicted values were matched to known data 
points of the 25% random sample.The mean error quantifies the bias of the predictor, and the 
mean absolute error provides a measure for the association between the observed and 
predicted values. The correlation between the observed and predicted data was tested using 
Pearson’s correlation coefficient (Annex: Table S6.3). 
Estimation of Number of School Age Children At Risk of STH Infection 
Population density maps were multiplied by the predicted prevalence maps in ArcGIS version 
10.3 (ESRI, Redlands, CA) to estimate the number of SAC predicted to be infected with each 
of the STH species per year per district. Population data for Burundi were obtained from 
CIESIN 2000, and population growth rates for years 2005 to 2014 were obtained from the 
World Bank (The World Bank category for school aged children is 5-14 years.) [26]. To 
estimate population for each survey year, the base population figure from 2005 was 
multiplied by the population growth rate.  No adjustments were made to urban/rural 
populations. Whilst a rurality ratio could have been applied to the population density map to 
account for urban population inflation, it would have also influenced the population 
distribution in the predicted number of infected people in rural areas which would result in 
under-estimation. 
 
Results 
 
Dataset for analysis 
All variables, with the exception of precipitation (for which a quadratic relationship was 
explored), had a linear relationship with STH infection prevalence. Precipitation was 
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subsequently excluded from the final multivariable model because it was not statistically 
significantly associated with prevalence of infection. Initial univariate analyses demonstrated 
that LST and elevation were highly correlated, with a Pearson’s correlation coefficient of 0.9. 
However, the P-value and AIC scores for LST was lower than the P-value for elevation and 
for that reason elevation was excluded from the multivariable analysis. In the multivariate 
models, only LST and NDVI were found to be associated (P > 0.05) with the prevalence of 
all parasites at each survey location.  
 
Residual spatial variation 
The residual semivariograms for A. lumbricoides prevalence of infection indicate that, after 
accounting for the effect of environmental covariates, infections were clustered during the 
years 2010 (average cluster size: 68 Km; propensity for clustering: 80%) and 2011 (average 
cluster size: 77 Km; propensity for clustering: 93%) (Annex: Figure S6.1a-e). For T. 
trichiura, residual geographical clustering was present in 2008 (average cluster size: 52 Km; 
propensity for clustering: 100%) and 2009 (average cluster size: 61 Km; propensity for 
clustering: 100%) (Annex: Figure S6.2a-e, Table S6.4). For hookworm infections, clustering 
was only found in 2008, and spatial trends in 2009 and 2010 (average cluster size: 22 Km; 
propensity for clustering: 75%) (Annex: Figure S6.3a-e, Table S6.4). In 2014, residual 
semivariograms for A. lumbricoides and hookworm prevalence demonstrated trends in spatial 
dependence, whilst no spatial dependence was evident for T. trichiura. 
 
Spatial Risk Prediction 
Model effect sizes for each parasite between 2008 to 2011 and 2014 can be found in Annex: 
Table S6.5. Predictive prevalence maps for both A. lumbricoides (Fig. 6.1) and T. trichiura 
(Fig. 6.2) demonstrate that the western region, the eastern border, the south-eastern border 
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region and the north-eastern region of Burundi experienced a gradual reduction in STH 
prevalence from 2008 until 2014. Our predictive prevalence maps for A. lumbricoides show 
that between 2008 and 2014, the central south-western and north-western regions of the 
country areas demonstrated continued moderately high prevalence (> 20% and less than 50%) 
after several rounds of MDA were observed. Furthermore, areas to the north-west of the 
country experienced an increase in prevalence in 2014. Our predictive prevalence maps for T. 
trichiura show that in the central-northern region of the country there was a slight reduction 
in prevalence. This region, however, also maintained higher prevalence values (> 10% and 
less than 20%) than the surrounding regions; this is particularly evident between 2008 and 
2011. In 2014, a small region where moderate (> 10% and less than 20%) prevalence of 
infection was predicted appeared in the south-western region of the country with a prevalence 
higher than in 2008. Our predictive prevalence maps for hookworm (Fig. 6.3) indicate that in 
2008 the west and eastern regions had the highest predicted prevalence of infection (between 
20–50%). By 2011 these regions observed a significant reduction in prevalence (predicted 
prevalence reaching 10–20%). However, in 2014 prevalence of hookworm infection was 
predicted to be as high as 50% in the north, southwest and small pockets in the east of the 
country. 
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Figure 6. 1: Predictive prevalence of infection maps for A. lumbricoides, 2008 – 2011 and 2014 
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Figure 6. 2: Predictive prevalence of infection maps for T. trichiura, 2008 – 2011 and 2014. 
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Figure 6. 3: Predictive prevalence of infection maps for Hookworm, 2008 – 2011 and 2014
 
 
 
For all parasite species, there was a substantial reduction in the total surface area (in km2) of 
high and moderate prevalence categories between 2008 and 2011, but with a resurgence in 
2014 (Table 6.1). For all parasites results indicate a decrease in the overall surface area of 
moderate and high prevalence categories from 56.5% of geographic coverage in 2008 to 
15.4% in 2011.  
The results for A. lumbricoides demonstrate a reduction in the surface areas for high infection 
prevalence (> 50% and less than 80%) and moderate infection prevalence (> 20% and less 
than 50%) between 2008 and 2011, and an increase in 2014. Overall total surface areas were 
37.0% in 2008, 15.4% in 2011, and 24.4% in 2014. These changes were accompanied by a 
substantial increase in surface area of regions within the low infection prevalence category.  
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Table 6. 1: Changes in surface area (in km2) of prevalence of infection categories in Burundi for 2008–2011 
and 2014 
  2008 2009 2010 2011 2014 
Prevalence of A. lumbricoides infections 
< 2% 78 130 586 791 605 
2–10% 8348 9510 15,017 15,404 13,214 
10–20% 9104 8799 7113 7370 7046 
20–50% 10,311 9404 5127 4277 6802 
50–80% 2 0 0 0 176 
> 80% 0 0 0 0 0 
Prevalence of T. trichiura infections 
< 2% 346 231 2634 3189 13,006 
2–10% 19,844 17,679 23,901 23,804 13,730 
10–20% 7237 8915 1307 849 821 
20–50% 416 1018 0 0 286 
50–80% 0 0 0 0 0 
> 80% 0 0 0 0 0 
Prevalence of hookworm infections 
< 2% 165 491 701 3223 1061 
2–10% 7770 10,890 12,908 22,344 12,305 
10–20% 15,262 15,299 13,757 2276 11,397 
20–50% 4646 1162 476 0 3079 
50–80% 0 0 0 0 0 
> 80% 0 0 0 0 0 
 
For T. trichiura, there was a reduction in surface area for high (> 50% and less than 80%) and 
moderately high infection prevalence (> 20% and less than 50%) from 1.5%  in 2008 to 0% in 
2011. This was followed by an increase of 1.0% in 2014. For T. trichiura there were no areas 
in the very high prevalence categories (> 80%) from 2008 to 2014, with all high prevalence 
areas (> 50% and less than 80%) transitioned to a moderately high prevalence (> 20% and 
less than 50%) status. Nearly all moderate prevalence categories (> 10% and less than 20%) 
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transitioned into low prevalence (> 2% and less than 10%) categories. In 2008, very few 
areas were classified with very low prevalence (< 2%)  with only 1.2% surface area within 
this category. By 2014 most areas in the country were classified with very low prevalence 
(surface area 46.7%).  
For hookworm there was a substantial decline in moderate prevalence surface area between 
2008 and 2011, from 16.7% to 0%. However, a resurgence of the moderate and high 
prevalence categories was evident in 2014, with a total surface area of 11.1%. 
 
For A. lumbricoides, regions in the north, south and east of the country showed low to very 
low prediction uncertainty. Low (standard deviation below 0.2) to moderate uncertainty 
(standard deviation between 0.2–0.5) was evident in the central and western regions of the 
country (Annex: Figure S6.5). Predictions for T. trichiura had low to very low uncertainty 
throughout the country. Patches of low to moderate uncertainty were evident in the centre of 
the country between 2008 and 2011, whilst in 2014 moderate uncertainty corresponded 
closely to areas of moderate prevalence of infection (Annex: Figure S6.6). For hookworm, 
uncertainty was low across the country between 2008 and 2011. However, in 2014, moderate 
uncertainty was evident in the northern, eastern and southern regions of the country (Annex: 
Figure S6.7). 
 
Model validation 
Model validation was conducted using the same data model predictions were run on. A 25% 
sub-sample was randomly selected and omitted. Models then predicted to these omitted 
values and new predictions were assessed at how closely they predicted against the known 
values. The models for A. lumbricoides prevalence demonstrated low mean absolute error 
(MAE) for all years (ranging between 0.03 and 0.06) with high Pearson Correlation 
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Coefficients (PCC) (ranging between 0.84 and 0.98) for all years (Annex: Table S6.3). The 
models for T. trichiura prevalence demonstrated low mean absolute error for all years (MAE 
between 0.01 and 0.04) with high Pearson Correlation Coefficients (ranging between 0.93 
and 0.94) for 2008, 2009 and 2011. Correlation was weak in 2010 and 2014, ranging between 
0.16 and 0.47 (Annex: Table S6.3). The models for hookworm prevalence also demonstrated 
low mean absolute error (ranging between 0.03 and 0.04) and high Pearson's correlation 
coefficients (ranging between 0.74 and 0.83) for all years (Annex: Table S6.3). 
 
Spatial Heterogeneity in The Number of School Age Children Infected with STH 
An overall reduction in the number of infected school aged children was evident for all 
parasite species from 2008 to 2011 in all districts. In 2014, an estimated total of 4,098,816 
children were infected with at least one species, either A. lumbricoides (fig 6.4), T. trichiura 
(fig 6.5) or hookworms (fig 6.6). A reduction in the predicted number of children infected 
with A. lumbricoides was evident from 2008 to 2011. The highest predicted number of 
infected children was in 2008 (119,619 children) in the Gitega district for A. lumbricoides, 
and in 2014 in the Kibuye district, with 128,903 children infected. For T. trichiura, and in 
2008, the district with the highest number of infected children was Ngozi, with 65,669 
infected children. In 2014, the Mabayi district was predicted to have the highest number of 
SAC with T. trichiura, with 35,302 infected children. In 2008, hookworm infection was 
highest in the Muyinga district, with an estimated 66,828 children infected with N. 
americanus/A. duodenale. In 2014, this figure increased to 87,511 in Kiremba. Overall, the 
number of children infected with hookworm saw a 4.9% increase between 2008 and 2014. 
(Annex: Table S6.6). 
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Figure 6. 4: Predicted number of children aged 5 to 15 infected with Ascaris lumbricoides in 2008 – 2011 and 
2014.
 
Figure 6. 5: Predicted number of children aged 5 to 15 infected with Trichuris Trichiura in 2008 – 2011 and 
2014. 
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Figure 6. 6: Predicted number of children aged 5 to 15 infected with Hookworm in 2008 – 2011 and 2014. 
 
 
 
Discussion 
 
In our previous study we reported marked variation in STH prevalence between different 
years of the Burundian MDA programme, thus justifying a more formal assessment of the 
spatiotemporal distribution of STH prevalence in Burundi [6]. Here we quantify, for the first 
time, the impact of an 8-year MDA programme on the spatiotemporal variation in infection 
prevalence and predict the number of children infected with each STH species over the 
course of the program. The maps and infection burden estimates presented here can help 
intervention planning to best use resources, ensuring areas that are most at risk of STH 
infection are targeted [10, 27–29]. These maps could also be useful to guide the control 
programme in Burundi on how to best reach transmission control and elimination goals by 
linking with transmission dynamics models [30]. 
The effect of socioeconomics, climate and physical environment on STH infections is well 
known [19, 31] and has been used to investigate the spatial distribution of STH infections 
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[20, 32, 33]. In our multivariable models of prevalence of A. lumbricoides and T. trichiura 
infections, we found that areas with higher prevalence of infection were associated with 
temperatures between 25 and 37 °C and lower vegetation indexes. This is in line with 
existing evidence indicating that A. lumbricoides and T. trichiura species require 
temperatures below 37 °C and low NDVI values to facilitate their survival and transmission 
[19]. 
 
Spatiotemporal Variation in STH Infection Prevalence 2008–2014 
Quantifying the relative change in the geographical clustering in different parasite species 
over the duration of successive annual MDAs can help determine the population effect of 
anthelmintic treatment and the likelihood of particular areas achieving elimination. It is 
expected that, as a result of MDA, clusters of high prevalence of infection will reduce in size 
as areas less resistant to treatment shift their level of endemicity to moderate and low 
prevalence of infection.  
As a result of successive MDA rounds between 2008–2010, prevalence of STH infection was 
reduced [6]. The results of this spatiotemporal study demonstrate that the observed reduction 
in prevalence between 2009–2011 was accompanied by a concurrent reduction in the 
geographical clustering of STH infections, particularly for T. trichiura and hookworm 
infections. This was evidenced by a reduction in the propensity for clustering from 2009 to 
2014 in the case of both species. This finding is corroborated by our predictive prevalence 
maps which indicate a reduction in the prevalence of T. trichiura infection in central districts 
of the country and along the periphery of the country in the case of hookworm where these 
infections where principally distributed. 
This suggests that during 2008–2011 geographical patterns of T. trichiura and hookworm 
infections shifted from widespread high-endemicity clusters into less defined prevalence 
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clusters, but still exhibited some residual spatial trend in infection. In the case of A. 
lumbricoides, despite the reduction in prevalence of infection, the spatial patterns from 2008–
2011 remained relatively stable, with highly endemic areas present in the central districts. 
Resurgence in prevalence of infection was detected in 2014 in the northwest and southwest 
regions of the country for A. lumbricoides and T. trichiura, and in the northwest, southwest, 
east and northeast for hookworm. This increase resulted in the re-emergence of the moderate 
infection prevalence category, with A. lumbricoides also experiencing resurgence in the high 
prevalence category. The precise reasons for this resurgence are largely unknown since the 
longitudinal study concluded in 2011 and follow-up surveys were not conducted until 2014. 
Areas of civil unrest were mainly documented in the western, south-western, north-western 
and north-eastern regions of the country [34, 35]. The original 12 pilot school sites situated 
mainly in the west of the country [6] remained relatively safe.  At all extension survey sites, 
which were more evenly distributed throughout the country [6]), treatment was halted in 2010 
due to disruption by the civil unrest. Disruption of the MDA programme in affected areas is 
likely to have impacted on the spatial distribution of infections due to uneven coverage of 
MDA. Central and eastern areas received the majority of the internally-displaced population 
and there was a notable division between treated and untreated populations there. The 12-
month treatment disruption and observed impacts highlight the potential impact of population 
dynamics and contextualising population movement in assessing STH transmission. 
Specifically, this includes the importance of developing spatially-structured dynamic models 
in addition to spatially-structured geostatistical models; and the need to develop WASH 
infrastructure that would change prevailing transmission conditions more sustainably. 
The above regions’ higher initial prevalence rates, for example in Kibumbu, Gitega and their 
immediate districts [6], could also be a factor in resurgence. Even currently hypo-endemic 
areas may have an increased risk of resurgence or reintroduction if they were formerly hyper-
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endemic. This emphasizes that MDA programmes alone are not sustainable in maintaining 
low morbidity in the long term in areas prone to destabilisation. Moreover, the overall 
geographical distribution of hookworm species appeared to be inversely associated with that 
of A. lumbricoides and T. trichiura. This, together with the fact that the different STH species 
are characterised by different age profiles of infection, highlights the need to understand the 
macro- and micro-epidemiology component of the STH infections separately. 
 
Needs for Spatial Variation in Treatment Following 8-Year MDA in Burundi 
Combining infection prevalence maps with estimates of population numbers has allowed us 
to:  
i. Estimate the temporal variation in the predicted number of infected SAC over 
different years of the MDA programme in Burundi 
ii. Identify areas where reductions in these numbers were more or less pronounced, and 
therefore to highlight areas where the number of infected SAC remained roughly 
unaltered, and  
iii. Geographically predict the number of SAC infected for 2014, the year during which a 
national reassessment of the programme was conducted.  
By taking population density into account, our results demonstrate that in the case of A. 
lumbricoides and T. trichiura, the central and central northern regions of Burundi should be 
the focus of future MDA programmes, as these contain communities where the number of 
infected children is predicted to be highest. However, in the case of hookworm infection, the 
eastern and western regions as well as the northern regions should be of the particular focus. 
Predictive infection distribution maps are an important extension that allow for effective and 
programmatically helpful decision-support tools to target treatments for populations in 
greatest need. An important extension to our work could involve coupling our models to 
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dynamic disease transmission models that account for internal population 
migration/displacement. 
 
Limitations 
 
A number of limitations need to be considered when interpreting our results. First, our results 
indicated that areas of moderate uncertainty are co-distributed with areas of moderate to high 
prevalence. This may be because our data had few cases of moderate and high prevalence 
infections from 2009 onwards. One of the principal purposes of evaluating the level of 
uncertainty in mapped outputs is to demonstrate areas where further investigations are needed 
[36]. Second, the presence and intensity of STH infections are determined by poor hygiene 
and sanitation, and socio-economic demographics [3, 37, 38], but data indicating the state of 
hygiene practices and the availability of sanitation infrastructure in the study districts were 
not available. Third, although we endeavoured to obtain remotely-sensed data with the 
highest possible resolution, in some instance, the resolution was not ideal (with pixels 
approximating 1 km by 1 km). This is a limiting factor as it contributes to regression dilution 
bias. Similarly, population maps used in our models have been adjusted using general annual 
growth rates and as such they are subject to accuracy issues as actual annual growth rates 
may have not been homogenous across the entire nation. Moreover data were predicted to 
550m x 550m resolution. The clear limitation of this is that the population density will vary 
within 5km x 5km and by predicting the prevalence at a higher resolution, the number of 
infected people will carry a margin of error. Fourth, our modelling framework did not 
account for the impact of other NTD interventions. One such intervention was treatment of 
onchocerciasis, which is not only community wide (rather than targeted at particular age and 
population groups), but also includes ivermectin. This anthelmintic combined with ABZ, has 
a better efficacy for T. trichiura than ABZ or MBZ on their own [30]. This gap may act as a 
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critical factor influencing the differences observed between 2011 and 2014, but it was 
difficult to obtain programmatic data for these two programmes and the extent of their 
overlap with the STH programme. Finally, while our validation statistics demonstrate high 
correlation and low mean errors for most parasite species and years, this was not the case for 
T. trichiura in 2010 and 2014, where Pearson’s correlation coefficient was poor (i.e. < 0.7). 
This is likely due to the fact that more than 30% of the survey locations had no T. trichiura 
infections for the target age and sex subpopulation of our prediction model. 
 
Conclusions 
 
Follow-up parasitological surveys, as well as MBG mapping updates throughout the 
programme, have been used to monitor the overall progress achieved with the STH MDA 
intervention in Burundi from 2007 to 2014. This is in terms of changes in the spatiotemporal 
clustering of prevalence, surface area of endemicity levels and numbers of children at risk. 
Together with a decrease in prevalence, a decrease in infection clustering was also observed, 
suggesting that successive MDA rounds were successful at reducing infection clusters [38], 
shifting infection patterns from clusters of high to moderate infection levels to more 
dispersed cases of infection. This was evident for all parasite species over the course of the 
MDA programme. Furthermore, the small-scale geographical distribution of STH species 
also changed over the course of this programme. The number of infected SAC varied 
geographically across the years and for the different parasite species. Finally, the success of 
the MDA programme appears to be very sensitive to perturbations and possibly to internal 
migration with areas rebounding to higher prevalence levels in a matter of a couple of years 
following disturbances. 
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Annex 
 
Figure S6. 1: Residual semivariograms for prevalence of infection with Ascaris Lumbricoides in Burundi for 
years 2007 – 2011 and 2014. 
 
244 
 
Figure S6. 2: Residual semivariograms for prevalence of infection with Trichuris trichiura in Burundi for years 
2007 – 2011 and 2014. 
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Figure S6. 3: Residual semivariograms for prevalence of infection with hookworm in Burundi for years 2007 – 2011 and 2014. 
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Figure S6.4: Bayseian model used for predicting prevalence of STH infection. 
Model  
{ 
 
#1. learning model: 
 
for(i in 1:P){ 
pos[i] ~ dbin(p[i],test[i]) 
logit(p[i]) <- alpha[1]+alpha[2]*sex[i] +v.alpha[loc[i]] + t.alpha[loc[i]] 
} 
 
for(i in 1:N) { 
v.alpha[i] <- alpha[3]*temp[i] + alpha[4]*dpwb[i] + alpha[5]*ndvi[i] + alpha[6]*prec[i] 
mu[i]<-0 
} 
 
for (i in 1:6) { 
alpha[i] ~ dnorm(0,0.01) 
}         
 
t.alpha[1:N] ~ spatial.exp(mu[], x[], y[], tau, phi,1) 
 
tau ~ dgamma(0.001,0.001) 
sigma<-1/tau  
phi ~ dunif(0.1, 20) 
 
#2. prediction model:     
 
for(j in 1:M) { 
Pos.pr[j]~dbin(p.pr[j], Test.pr[j]) 
Test.pr[j]<- 100 
logit(p.pr[j]) <- alpha[1]+alpha[2] + alpha[3]*temp.pred[j] + alpha[4]*dpwb.pred[j] + alpha[5]*ndvi.pred[j] + alpha[6]*prec.pred[j] + t.alphapr[j] 
t.alphapr[j] ~ spatial.unipred(mu.pr[j], x.pred[j], y.pred[j], t.alpha[]) 
mu.pr[j] <- 0 
} 
} 
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#Data  
list(P = 38, N=19, M=3518) 
 
#Inits 
list(alpha=c(0,0,0,0,0,0), tau = 1, phi = 7, t.alphapr=c(0,1,1,1,1,0,-1,-1,0,-1,0,1,-1,1,-1,-1,1,0,-1,-1,-1,0,-1,1,0,1,1,1,1,-1,-1,0,-1,-1,1,1,1,-1,1,-1,0,0,1,1,1,1,-1,1,-
1,0,1,1,-1,-1,-1,-1,1,-1,-1,0,1,1,-1,0,1,-1,-1,1,-1,1,-1,1,0,-1,-1,-1,1,0,1,1,-1,0,1,0,1,0,1,0,1,0,1,0,0,-1,1,-1,1,1,1,-1,-1,1,-1,-1,1,0,0,1,-1,1,1,0,0,0,-1,0,0,1,-1,-
1,0,1,0,1,0,1,1,0,1,0,-1,1,0,1,-1,1,1,1,-1,0,1,-1,1,-1,1,0,-1,-1,-1,0,0,0,1,0,1,1,-1,0,1,0,1,1,0,1,0,1,0,-1,1,-1,0,-1,0,1,1,0,0,0,1,1,1,0,0,-1,0,1,-1,0,1,1,0,0,1,0,0,1,-
1,1,0,-1,-1,0,0,-1,1,-1,-1,0,0,1,0,-1,1,-1,0,1,0,0,-1,1,0,-1,0,0,1,-1,1,0,0,-1,-1,0,-1,1,0,1,1,1,0,0,0,1,0,0,1,-1,0,-1,1,-1,-1,0,0,0,0,0,-1,0,-1,-1,0,-1,1,0,-1,1,0,-1,1,-
1,-1,1,0,0,0,1,1,0,1,-1,0,-1,-1,0,-1,0,1,0,1,0,1,1,0,-1,1,0,0,-1,-1,1,0,1,1,-1,-1,0,0,0,-1,-1,1,0,0,-1,0,1,-1,-1,0,-1,1,0,1,1,-1,0,1,1,0,0,-1,0,1,1,-1,1,-1,0,-1,0,0,1,1,-
1,-1,-1,-1,-1,1,0,1,-1,-1,1,0,-1,1,0,-1,-1,-1,0,1,0,0,1,-1,-1,-1,-1,-1,0,-1,1,-1,-1,-1,-1,1,1,-1,1,-1,1,-1,1,-1,-1,0,1,0,1,0,-1,1,-1,1,0,0,1,-1,1,1,-1,-1,0,1,-1,0,0,0,-
1,0,1,1,0,-1,-1,0,-1,-1,-1,1,1,-1,1,-1,1,1,0,1,1,0,-1,-1,-1,-1,1,-1,-1,0,0,-1,-1,0,0,1,1,1,-1,1,0,-1,1,1,-1,0,1,1,-1,0,1,1,1,-1,0,-1,1,-1,0,1,0,1,1,1,1,0,1,-1,-
1,0,1,0,0,0,1,-1,1,1,1,1,0,1,0,1,1,-1,1,-1,1,0,1,1,-1,-1,0,-1,1,0,-1,1,-1,1,-1,1,-1,-1,1,1,-1,0,0,1,1,0,-1,1,0,0,0,0,-1,-1,-1,-1,0,-1,-1,1,0,-1,1,0,0,0,-1,0,0,0,1,-1,-1,-
1,-1,0,-1,1,-1,0,-1,-1,1,0,-1,-1,1,-1,0,0,-1,-1,0,-1,0,-1,1,-1,-1,0,1,1,0,0,1,-1,1,0,1,1,1,-1,1,0,0,-1,-1,-1,-1,0,0,1,-1,1,0,-1,1,1,-1,1,1,0,-1,-1,-1,1,-1,0,0,0,0,-
1,0,1,0,0,-1,-1,1,-1,0,1,1,1,1,1,-1,0,0,1,-1,1,-1,-1,-1,0,-1,0,1,0,0,1,1,0,0,-1,-1,1,1,0,1,-1,-1,-1,0,1,-1,-1,0,0,1,1,-1,1,0,0,0,-1,1,-1,0,0,0,1,-1,-1,1,-1,-
1,1,0,0,1,0,0,1,-1,0,0,1,1,0,1,-1,0,0,0,1,0,0,1,-1,-1,0,0,0,0,1,1,0,0,1,1,0,0,0,1,1,-1,-1,0,-1,1,1,-1,0,0,-1,1,0,-1,-1,1,1,1,-1,0,1,1,0,1,1,-1,1,1,1,1,0,0,-1,1,-1,-1,-1,-
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1,1,-1,-1,0,0,1,-1,1,1,-1,1,0,-1,0,0,-1,1,1,1,-1,1,0,0,1,1,1,0,-1,1,-1,-1,0,1,1,0,0,1,1,0,0,1,1,0,0,-1,-1,-1,1,-1,1,1,-1,1,1,-1,-1,-1,-1,0,0,0,1,1,1,1,-1,1,-1,1,-1,0,0,1,-
1,-1,-1,-1,1,-1,0,1,0,0,1,1,0,1,0,-1,0,0,1,-1,0,0,1,-1,-1,1,-1,0,1,0,1,1,0,-1,0,-1,-1,-1,1,1,0,1,0,0,-1,0,0,-1,-1,1,-1,1,1,1,1,0,0,0,0,-1,1,1,-1,0,0,1,0,1,-1,-
1,0,0,1,1,0,1,-1,1,1,0,0,-1,0,-1,0,1,1,0,1,1,-1,0,1,0,1,-1,-1,1,0,-1,0,1,-1,-1,-1,-1,0,0,0,-1,-1,-1,1,-1,-1,1,0,1,0,1,1,0,1,0,-1,0,-1,-1,1,-1,-1,-1,1,1,0,-1,0,-1,-1,1,-1,-
1,1,1,0,1,1,0,0,-1,-1,-1,-1,-1,1,0,0,1,0,1,1,1,-1,-1,-1,-1,-1,-1,0,1,1,-1,-1,0,-1,0,0,-1,0,0,1,-1,-1,-1,0,-1,0,1,-1,-1,0,-1,1,-1,0,-1,0,1,1,0,0,-1,-1,1,0,1,-1,0,0,1,0,0,-
1,0,-1,-1,0,0,0,1,0,0,0,1,0,0,0,-1,0,0,0,-1,0,0,0,-1,0,1,0,0,1,1,-1,0,-1,1,1,1,-1,-1,0,-1,0,1,1,0,0,1,-1,0,-1,-1,-1,-1,0,1,1,0,0,0,-1,0,0,0,0,0,-1,0,1,1,-1,1,0,-1,0,-1,0,-
1,-1,-1,1,-1,0,1,-1,-1,1,0,1,1,0,1,-1,0,0,0,0,-1,-1,1,1,0,1,0,-1,-1,-1,-1,1,1,-1,-1,1,1,-1,0,-1,-1,1,-1,1,0,-1,-1,1,-1,1,-1,1,0,-1,-1,0,-1,-1,-1,0,1,0,0,0,1,1,0,0,0,-1,-
1,0,1,0,1,0,1,0,-1,0,1,0,1,0,1,-1,1,-1,0,-1,1,0,-1,0,1,0,-1,0,-1,-1,-1,-1,0,-1,-1,1,1,1,0,1,1,1,0,-1,1,-1,0,0,-1,-1,1,0,-1,-1,1,1,1,1,0,0,1,0,-1,0,1,-1,1,-1,0,-1,1,1,1,-
1,0,0,1,0,1,-1,0,-1,1,0,0,0,-1,1,0,1,1,0,1,0,0,-1,-1,1,1,0,-1,1,-1,1,0,-1,-1,0,0,0,0,0,0,-1,1,0,1,1,-1,0,-1,-1,0,1,1,0,0,1,-1,1,1,0,-1,1,1,-1,-1,0,-1,-1,-1,1,1,1,1,1,0,1,-
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1,-1,-1,-1,0,0,0,1,-1,1,-1,-1,1,1,0,0,-1,-1,1,1,-1,-1,0,1,-1,0,0,1,0,-1,1,-1,-1,-1,0,1,0,-1,-1,0,-1,-1,-1,0,-1,0,1,0,0,1,1,0,-1,0,1,0,0,-1,1,0,0,0,-1,1,1,0,1,-1,1,-1,-
1,0,0,1,1,-1,0,-1,-1,0,-1,1,0,0,-1,1,1,1,0,-1,-1,1,-1,-1,1,0,1,0,1,-1,0,0,0,-1,0,1,0,1,-1,1,-1,-1,0,1,0,0,-1,-1,1,-1,0,-1,0,0,-1,1,0,0,0,1,1,1,-1,1,0,1,0,1,1,-1,1,1,-
1,1,0,0,1,-1,-1,1,0,-1,-1,-1,-1,1,0,-1,-1,0,0,0,0,1,1,0,0,0,0,1,0,0,-1,0,0,-1,-1,-1,-1,0,1,1,0,0,-1,1,1,1,-1,0,-1,1,-1,1,1,-1,0,-1,-1,-1,-1,1,0,0,0,1,0,0,0,1,1,-1,0,1,0,-
1,1,0,0,1,1,-1,1,0,-1,1,-1,-1,0,0,1,-1,0,0,0,-1,1,1,-1,0,-1,-1,0,-1,-1,-1,0,-1,0,1,1,0,-1,1,1,1,1,0,-1,-1,0,-1,1,1,-1,0,1,0,1,0,-1,1,-1,-1,1,1,-1,0,-1,0,0,1,1,-1,1,-1,1,-
1,1,1,-1,0,0,1,-1,-1,0,-1,0,1,-1,1,1,0,0,0,1,-1,1,0,-1,-1,0,-1,0,0,1,-1,1,0,1,0,-1,0,-1,0,-1,0,1,-1,0,1,-1,0,1,-1,0,1,-1,1,1,0,0,0,-1,1,1,-1,1,-1,0,-1,0,1,1,-1,1,1,0,0,1,-
1,1,0,0,0,0,-1,-1,-1,-1,0,1,-1,1,0,1,-1,0,0,0,1,-1,0,1,1,0,-1,-1,-1,0,-1,-1,0,1,-1,0,0,1,1,0,1,1,-1,-1,-1,0,-1,1,-1,1,0,0,1,1,1,-1,0,1,1,-1,1,1,-1,1,1,-1,0,0,1,0,0,-1,-
1,0,1,-1,1,1,1,-1,-1,-1,0,1,1,0,-1,1,0,1,1,0,-1,-1,0,1,1,1,1,1,0,1,1,-1,1,-1,-1,1,1,1,-1,0,-1,1,-1,0,0,0,-1,-1,1,-1,-1,1,1,-1,-1,1,-1,1,1,1,1,-1,1,0,0,0,1,-1,1,-1,1,0,-
1,0,0,1,1,-1,-1,1,-1,-1,-1,0,0,0,0,-1,-1,-1,0,-1,1,0,1,-1,1,-1,1,1,0,-1,1,0,-1,-1,1,0,1,-1,0,1,1,0,0,-1,1,-1,0,0,0,0,0,1,1,0,-1,0,-1,-1,-1,-1,0,1,0,0,1,0,-1,0,-1,1,1,0,-
1,0,0,-1,0,0,1,1,-1,-1,-1,1,0,1,-1,-1,0,1,1,1,1,1,-1,-1,-1,1,1,1,0,0,-1,-1,-1,0,0,0,-1,0,0,0,0,0,-1,0,1,-1,-1,1,1,-1,1,1,0,0,1,1,1,1,-1,1,-1,0,0,1,-1,0,0,-1,0,-1,1,1,-
1,1,1,1,-1,1,0,-1,-1,-1,0,1,-1,0,0,1,-1,0,1,-1,0,-1,-1,-1,-1,-1,-1,0,0,-1,-1,-1,-1,1,-1,1,0,-1,-1,1,-1,-1,1,-1,1,1,1,-1,1,0,0,1,0,0,1,1,1,0,0,1,1,0,-1,-
1,1,0,1,1,1,0,1,0,1,-1,0,0,1,1,0,0,0,-1,0,1,-1,0,-1,1,0,-1,0,1,1,0,1,0,-1,-1,-1,0,-1,0,1,0,1,0,1,-1,1,0,-1,0,0,-1,1,0,0,0,-1,1,1,-1,0,1,-1,1,-1,-1,1,0,0,1,1,0,1,0,-1,-1,-
1,-1,0,1,-1,0,-1,-1,1,0,1,1,1,1,-1,0,-1,0,-1,0,0,1,1,-1,0,1,1,-1,1,0,1,-1,-1,-1,1,1,-1,-1,0,-1,-1,-1,0,1,0,0,0,0,-1,1,1,0,1,-1,0,-1,0,-1,0,0,1,-1,0,0,0,1,1,0,0,1,0,-1,-1,-
1,-1,0,-1,0,1,-1,-1,-1,-1,1,-1,1,-1,-1,-1,1,1,-1,-1,0,-1,0,-1,-1,-1,1,0,-1,0,0,1,-1,-1,0,-1,1,0,0,1,0,0,-1,0,-1,0,1,-1,-1,-1,-1,0,1,1,0,0,1,0,1,-1,1,1,1,1,-1,-1,1,-1,1,-
1,1,1,-1,1,0,0,-1,-1,1,0,-1,0,0,1,1,0,-1,0,0,-1,1,1,0,1,0,1,0,1,1,0,-1,-1,-1,0,1,0,-1,0,0,1,-1,1,0,0,0,-1,1,-1,1,0,-1,1,1,-1,-1,-1,1,1,-1,0,1,0,1,1,1,0,1,1,0,-1,-1,1,0,-
1,1,-1,-1,0,1,0,1,0,1,-1,0,1,-1,0,1,0,0,-1,-1,-1,-1,0,0,1,0,0,-1,0,-1,-1,0,1,1,1,0,-1,0,1,1,-1,0,1,1,0,1,0,0,1,-1,0,0,1,1,0,-1,-1,0,-1,1,1,-1,-1,1,0,1,0,0,0,-1,1,1,1,-
1,1,1,-1,-1,0,0,-1,1,1,1,0,1,0,0,0,1,0,1,-1,0,1,-1,0,-1,1,-1,-1,1,-1,0,-1,1,-1,1,-1,0,1,1,0,-1,-1,1,-1,1,-1,1,0,1,-1,0,0,-1,0,-1,0,1,0,1,-1,0,-1,0,1,0,1,-1,0,-
1,1,1,1,0,1,1,0,-1,0,1,0,1,-1,1,1,1,-1,0,0,-1,0,-1,0,0,1,0,-1,1,1,0,-1,-1,-1,1,-1,0,-1,0,1,0,1,-1,1,-1,-1,-1,1,-1,-1,0,-1,-1,1,1,1,0,1,0,0,0,1,-1,-1,-1,1,0,1,0,0,1,-1,1,0,-
1,1,1,0,-1,0,-1,0,-1,1,-1,1,0,-1,-1,-1,-1,1,1,1,1,1,1,1,-1,0,-1,1,-1,1,-1,-1,-1,0,-1,1,-1,1,-1,1,1,-1,0,1,0,1,-1,1,-1,0,0,0,-1,0,1,1,1,1,0,-1,-1,1,-1,0,0,1,1,-1,0,-
1,1,0,1,1,-1,1,-1,0,1,-1,1,1,-1,0,-1,0,-1,1,0,-1,-1,0,-1,-1,1,-1,-1,-1,1,0,1,1,-1,0,1,0,0,0,1,0,0,-1,-1,0,1,-1,0,-1,-1,0,0,1,0,0,-1,1,1,1,-1,0,0,1,1,0,1,1,-1,-1,0,-
1,1,0,1,1,-1,-1,-1,1,0,-1,-1,0,1,-1,0,1,0,1,0,0,-1,-1,-1,0,1,1,0,-1,1,0,1,-1,0,1,1,1)) 
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Figure S6. 5: Posterior mean standard deviation of predicted prevalence of infection with Ascaris lumbricoides in Burundi for 2008 – 2011 and 2014 
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Figure S6. 6: Posterior mean standard deviation of predicted prevalence of infection with Trichuris Trichiura in Burundi for 2008 – 2011 and 2014 
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Figure S6. 7: Posterior mean standard deviation of predicted prevalence of infection with Hookworm in Burundi for 2008 – 2011 and 2014 
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Table S6. 1: Environmental Data  Summary Table 
Variable Satellite Description Pixel Period 
Land Surface Temperature Landsat 5 and Landsat 7 Obtained from USGS, one image per month over the six years of the 
study were collected and aggregated into yearly land surface temperature 
images 
30m x 30m pixels 2006 – 2014 
Elevation ASTER - GDEM Advanced Space-borne Thermal Emission and Reflection Radiometer 
(ASTER) Global Digital Elevation Model (GDEM) 
30m x 30m pixels 2010 
NDVI Landsat 5 and Landsat 7 Obtained from USGS, one image per month over the six years of the 
study were collected and aggregated into normalised difference vegetation 
index images. 
30m x 30m pixels 2006 – 2014 
Precipitation WorldClim WorldClim Precipitation ESRI files 1km pixels 2007-2014 
Distance to perennial water 
bodies 
Landsat 8 Collected from a single Landsat 8 image and calculated using nautical 
distance to sentinel sites 
30m x 30m pixels 2008 
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Table S6. 2: Correlation Coefficients for NDVI and LST, 2007 - 2011 
 
NDVI2008 NDVI2009 NDVI2010 NDVI2010 NDVI2014 
NDVI2008 1 
    
NDVI2009 0.86 1 
   
NDVI2010 0.86 0.93 1 
  
NDVI2011 0.81 0.93 0.9 1 
 
NDVI2014 0.81 0.91 0.9 0.91 1 
 
LST2008 LST2009 LST2010 LST2011 LST2014 
LST2008 1 
    
LST2009 0.98 1 
   
LST2010 0.96 0.99 1 
  
LST2011 0.94 0.98 0.98 1 
 
LST2014 0.95 0.98 0.98 0.98 1 
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Table S6. 3: Model Validation results, Mean Error, Mean Absolute Error and Pearson Correlation Coefficient for all parasites, 2008 -2011 and 2014 
Year Mean Error Mean Absolute Error MAE/Mean(Obs) Pearson's Correlation Coefficient 
A. lumbricoides 
2008 0.11 0.06 36.15% 0.84 
2009 0.00 0.05 39.59% 0.84 
2010 0.06 0.03 22.34% 0.98 
2011 -0.04 0.03 26.11% 0.91 
2014 -0.05 0.04 31.65% 0.94 
T. trichiura 
2008 0.08 0.04 53.15% 0.94 
2009 0.02 0.03 38.27% 0.93 
2010 -0.14 0.02 94.83% 0.47 
2011 0.00 0.01 41.43% 0.94 
2014 0.00 0.03 118.44% 0.16 
Hookworm 
2008 0.01 0.04 30.89% 0.78 
2009 0.09 0.04 38.84% 0.74 
2010 -0.35 0.03 46.47% 0.83 
2011 -0.02 0.03 55.75% 0.76 
2014 -0.23 0.04 58.43% 0.84 
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Table S6. 4: Average size of clusters and propensity of clustering per parasite per year.   
 
 
  
Year Ascaris lumbricoides Trichuris trichiura Hookworm 
2007 None None None 
Propensity for clustering (%) NA NA NA 
Average size of clusters (km) NA NA NA 
2008 Trended  Clustered  
Propensity for clustering (%) NA 100 75 
Average size of clusters (km) Spatial trend 52 22 
2009 None Clustered Trended  
Propensity for clustering (%) NA 100 NA 
Average size of clusters (km) NA 61 Spatial trend 
2010 Clustered None None 
Propensity for clustering (%) 80 NA NA 
Average size of clusters (km) 68 NA NA 
2011 Clustered (101km) Trended Trended  
Propensity for clustering (%) 93 NA NA 
Average size of clusters (km) 77 Spatial trend Spatial trend 
2014 Trended  None Trended  
Propensity for clustering (%) NA NA NA 
Average size of clusters (km) Spatial trend NA Spatial trend 
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Table S6. 5: Model Effect Sizes for all parasites, 2008 -2011 and 2014. 
Variable 
A. lumbricoides Mean (95% Cr I) 
(Cr I – credible interval) 
T. trichiura Mean (95% Cr I) 
(Cr I – credible interval) 
Hookworm Mean (95% Cr I) 
(Cr I – credible interval) 
2008 - 2011 
Time 1 – 2007 0 0 0 
Time 2 - 2008 0.21 (0.08, 0.33) -0.028 (-0.25, 0.20) -0.85 (-0.98, -0.72) 
Time 3 - 2009 0.07 (-0.05, 0.20) 0.11 (-0.11, 0.33) -1.15 (-1.28, -1.02) 
Time 4 - 2010 -0.41 (-0.55, -0.27) -0.73 (-1.01, -0.44) -1.26 (-1.40, -1.12) 
Time 5 - 2011 -0.50 (-0.63, -0.37) -0.82 (-1.06, -0.58) -1.91 (-2.05, -1.77) 
Age 1 (<5) 0 0 0 
Age 2 (5 -16yrs) -0.14 (-0.21, -0.07) -0.038 (-0.14, 0.07) 0.07 (-0.01, 0.15) 
Age 3 (>16yrs) -0.35 (-0.45, -0.24) -0.26 (-0.42, -0.10) 0.05 (-0.07, 0.16) 
Sex 0.09 (0.03, 0.15) 0.03 (-0.06, 0.13) 0.09 (0.02, 0.17) 
Land Surface Temperature -0.97 (-1.32, -0.56) -0.35 (-0.88, 0.25) 0.60 (0.16, 0.94) 
Vegetation (NDVI) -0.07 (-0.40, 0.31) 0.09 (-0.32, 0.42) 0.12 (-0.16, 0.42) 
ϕ (the rate of decay of spatial 
autocorrelation) 
7.01 3.18 7.56 
σ 1.16 5.48 2.11 
2014 
Sex 0.17 (-0.21, 0.53) -0.26 (-0.91, 0.40) 0.36 (-0.12, 0.86) 
Land Surface Temperature -0.80 (-1.54, -0.07) 0.15 (-0.25, 0.58) -0.16 (-1.33, 0.79) 
Vegetation (NDVI) 0.30 (-0.61, 1.32) 0.24 (-0.24, 0.73) 0.11 (-0.98, 1.28) 
ϕ (the rate of decay of spatial 
autocorrelation) 7.05 10.06 
9.75 
σ 2.23 0.19 4.2 
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Table S6. 6: Total predicted number of infected children per year per parasite 2008 – 2001 and 2014. 
 
District 
Ascaris lumbricoides Trichuris trichiura Hookworms 
2008 2009 2010 2011 2014 2008 2009 2010 2011 2014 2008 2009 2010 2011 2014 
Bubanza 43,922 41,521 30,304 29,395 38,819 18,139 21,069 10,502 9,958 9,561 44,369 36,665 34,877 20,872 59,987 
Buhiga 83,810 79,084 57,036 55,156 59,539 33,425 38,734 19,579 18,545 7,589 51,991 42,229 39,962 23,200 56,383 
Bururi 36,657 34,647 25,157 24,366 35,862 9,877 11,519 5,632 5,324 4,060 16,223 13,112 12,391 7,156 20,261 
Busoni 22,275 20,860 14,783 14,273 18,730 13,626 15,815 7,931 7,511 16,292 24,034 19,509 18,462 10,732 30,624 
Butezi 43,253 40,713 29,142 28,144 47,805 29,334 33,689 17,863 17,000 5,454 37,901 31,146 29,591 17,523 31,491 
Buye 56,557 53,291 38,268 36,983 36,236 42,710 48,839 26,440 25,230 6,369 35,680 28,967 27,409 15,920 60,238 
Cankuzo 17,093 15,856 10,830 10,383 9,591 8,205 9,567 4,687 4,429 3,547 30,803 25,450 24,217 14,476 28,355 
Cibitoke 16,669 15,319 10,164 9,712 28,435 12,408 14,536 6,919 6,535 15,526 53,541 43,958 41,732 24,688 38,085 
Fota 84,102 80,969 62,536 61,166 64,095 23,296 26,903 13,831 13,121 6,942 12,435 9,836 9,237 5,150 15,332 
Gahombo 64,888 61,629 45,421 44,080 47,182 38,119 43,620 23,535 22,434 6,245 31,395 25,519 24,154 14,059 45,937 
Gashoho 27,873 25,958 17,944 17,238 17,926 17,431 20,223 10,149 9,612 4,701 31,406 25,655 24,326 14,255 51,845 
Gihofi 30,765 28,745 20,085 19,328 27,168 17,532 20,354 10,187 9,645 5,187 35,048 28,777 27,326 16,173 32,688 
Gitega 119,619 114,694 87,202 85,044 112,288 60,269 68,903 37,275 35,529 8,882 47,982 38,934 36,844 21,331 22,484 
Giteranyi 38,172 35,572 24,676 23,720 18,180 25,823 29,878 15,242 14,470 6,107 51,400 42,254 40,155 23,833 65,547 
Isale 53,531 50,184 35,585 34,342 34,985 24,826 28,975 14,110 13,335 14,894 59,969 48,911 46,349 27,143 34,573 
Kabezi 41,345 39,009 28,200 27,293 32,431 15,563 18,132 8,897 8,412 7,110 29,319 23,935 22,689 13,309 18,718 
Kayanza 114,723 109,669 82,837 80,759 122,551 52,932 60,609 32,617 31,103 24,275 22,139 17,499 16,423 9,147 45,210 
Kibumbu 91,983 88,605 68,433 66,915 64,786 28,868 33,292 17,194 16,317 6,162 16,182 12,850 12,080 6,771 14,472 
Kibuye 111,749 106,755 80,261 78,144 128,903 61,315 70,025 38,165 36,430 9,484 31,852 25,520 24,053 13,664 31,906 
Kiganda 70,536 67,541 51,252 49,989 52,552 24,972 28,784 14,962 14,211 5,776 21,481 17,237 16,254 9,259 21,944 
Kinyinya 17,041 15,743 10,610 10,151 22,247 17,963 20,850 10,461 9,904 6,605 56,467 47,280 45,186 27,643 37,529 
Kiremba 60,049 56,231 39,606 38,163 41,122 39,063 45,089 23,252 22,088 8,458 54,442 44,309 41,967 24,463 87,511 
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Kirundo 18,964 17,685 12,373 11,923 22,605 13,620 15,874 7,784 7,355 22,710 26,452 21,345 20,161 11,586 40,440 
LAKE 14,567 13,400 8,946 8,553 18,432 10,888 12,755 6,092 5,746 18,430 42,567 34,950 33,191 19,681 16,620 
Mabayi 45,640 43,091 31,372 30,442 109,086 20,785 24,012 12,359 11,757 35,302 25,246 20,201 19,027 10,812 45,966 
Makamba 46,373 43,287 30,170 29,022 29,925 23,302 27,080 13,491 12,769 6,425 46,261 37,639 35,643 20,768 34,484 
Matana 107,618 102,887 77,471 75,458 92,387 20,854 24,291 11,920 11,276 8,997 12,125 9,519 8,914 4,918 17,640 
Mpanda 23,675 22,120 15,528 14,967 13,871 10,005 11,708 5,624 5,311 7,873 38,032 31,097 29,475 17,305 25,671 
Mukenke 18,096 16,792 11,493 11,024 9,816 14,314 16,597 8,363 7,928 3,943 28,854 23,651 22,452 13,260 42,821 
Muramvya 63,376 60,672 46,011 44,875 51,276 18,106 20,945 10,678 10,124 7,113 12,054 9,542 8,960 5,000 22,147 
Murore 17,879 16,644 11,505 11,051 10,659 10,589 12,282 6,189 5,861 3,411 32,723 27,227 25,968 15,724 30,293 
Musema 106,111 101,164 75,524 73,450 81,952 40,827 47,111 24,346 23,106 10,212 36,602 29,446 27,782 15,889 47,036 
Mutaho 85,842 81,802 61,005 59,321 75,644 35,494 40,903 21,296 20,225 6,530 43,559 35,502 33,634 19,633 32,110 
Muyinga 48,273 44,957 31,087 29,861 24,854 26,532 30,849 15,323 14,492 7,428 66,628 55,004 52,325 31,200 65,793 
Ngozi 100,485 95,238 69,686 67,543 67,407 65,669 74,990 40,872 39,010 9,354 48,250 39,132 37,014 21,464 74,470 
Nyabikere 85,289 80,745 58,835 56,977 75,162 32,647 37,792 19,236 18,221 7,384 49,707 40,554 38,434 22,489 34,640 
Nyanza-Lac 25,997 24,091 16,403 15,720 16,263 18,869 21,995 10,776 10,182 4,021 49,925 41,323 39,338 23,596 53,462 
Rumonge 40,853 38,345 27,235 26,289 42,114 11,604 13,616 6,447 6,082 7,707 53,015 43,560 41,365 24,533 53,342 
Rutana 53,768 50,650 36,324 35,099 66,788 35,108 40,364 21,191 20,148 7,019 23,300 18,666 17,594 9,996 27,546 
Ruyigi 22,551 21,104 14,825 14,275 21,062 14,857 17,135 8,895 8,448 3,203 28,954 23,987 22,845 13,722 31,113 
Rwibaga 60,120 57,513 43,559 42,480 58,575 13,658 15,851 7,942 7,523 9,480 7,566 5,954 5,583 3,091 12,459 
Ryansoro 79,507 76,647 59,469 58,211 73,578 28,593 32,822 17,389 16,551 6,104 12,639 10,022 9,419 5,270 10,887 
Vumbi 18,408 16,983 11,407 10,912 15,624 18,119 21,067 10,444 9,879 6,895 34,022 27,599 26,109 15,129 64,438 
Z-Centre 3,385 3,098 2,031 1,935 1,748 2,672 3,138 1,480 1,393 2,692 9,510 7,720 7,305 4,235 1,830 
Z-Nord 10,681 9,773 6,395 6,091 4,487 9,763 11,458 5,419 5,105 7,213 29,887 24,290 22,988 13,376 9,648 
Z-Sud 5,105 4,671 3,059 2,913 2,674 3,576 4,208 1,970 1,853 4,199 17,293 14,161 13,439 7,901 2,546 
Total 2,349,174 2,225,952 1,632,045 1,583,134 2,047,423 1,116,149 1,288,251 664,961 631,491 402,870 1,571,231 1,281,640 1,214,649 711,346 1,648,523 
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CHAPTER 7: IMPACT OF A 5-YEAR MASS DRUG 
ADMINISTRATION PROGRAMME FOR SOIL-TRANSMITTED 
HELMINTHIASES ON THE SPATIAL DISTRIBUTION OF 
CHILDHOOD ANAEMIA IN BURUNDI FROM 2007 TO 2011 
 
In Chapter 6 we demonstrated the heterogeneous spatial distribution of STH infections and that 
when combined with population density data, standard prevalence of infection models are able to 
predict the number of infected children per district per parasite per year. Furthermore the 
previous chapter shows significant spatial variation in STH endemicity/ prevalence. While 
prevalence is a good indicator to trigger WHO control thresholds it is not a good indicator of 
morbidity and there may be areas where STH-associated morbidity is at its highest. Anaemia 
reduction is one of the primary objectives of STH MDA programmes, but also because to date, 
the effect and impact of said successive interventions on anaemia levels in children have not 
been quantified nor assessed over space and time.  The spatial distribution and heterogeneity of 
anaemia over a 5-year MDA programme that included a disruption period due to civil unrest, has 
never been undertaken. This interruption provides us with a unique opportunity to assess how 
sensitive the MDA programme is to disruptions in coverage and how viable MDA programmes 
are as long or middle term interventions for STH infections and anaemia. This chapter also found 
that the distribution of anaemia over the course of the MDA coincided with the distribution of A. 
lumbricoides and T. trichiura. Furthermore, the chapter found that there was a strong statistical 
correlation between the prevalence of anaemia and the presence of A. lumbricoides and T. 
trichiura, and the prevalence of low and moderate/severe anaemia severity and the presence of A. 
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lumbricoides and T. trichiura. The presence of hookworm was not found to be significantly 
associated with the prevalence of anaemia. This chapter has been submitted to PLOS Neglected 
Tropical Diseases as a research paper in June 2018. 
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Abstract 
 
Background: Childhood anaemia affects 1.8 billion people globally. Little is known about the 
long-term impact of mass drug administration (MDA) for the control of soil-transmitted 
helminthiases (STH) on the spatiotemporal variation of anaemia prevalence and severity. We 
describe the long-term spatiotemporal impact of a 5-year STH MDA programme (2007‒2011) on 
the prevalence of anaemia and anaemia severity in school-aged children (SAC) in Burundi. 
 
Methodology/Principal Findings: We used annual haemoglobin concentration and STH data 
collected during 2007–2011 in 31 schools in Burundi. Spatial dependence in prevalence and 
severity of anaemia was assessed using semivariograms. Bayesian geostatistical models were 
developed to a) quantify the role of STH (adjusted for other anaemia determinants) in the 
spatiotemporal distribution of anaemia prevalence/severity, and b) predict the geographical 
variation of both outcomes across Burundi. Adjusted population data were used to estimate the 
geographical distribution of the number of SAC at risk of anaemia and with low and 
moderate/severe anaemia. Infections with Ascaris lumbricoides and Trichuris trichiura were 
positively and significantly associated with childhood anaemia; hookworm infections were not. A 
significant decrease in anaemia prevalence, from 40‒50% (2008) to 10‒20% (2011) was predicted 
in western areas. The predicted prevalence of low-severity anaemia decreased from 40‒50% 
(2008) to <20% (2011) in southern and eastern areas. Moderate/high-severity anaemia was 
concentrated in western regions of Burundi, with pockets of moderate/high-severity anaemia in 
central and northern regions in 2008. The overall number of predicted anaemic children decreased 
from 443,657 (2008) to 232,304 (2011), with a resurgence after MDA disruption in 2010 (to 
480,605). Prevalence of low- and moderate-severity anaemia was higher in boys than in girls.  
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Conclusions/Significance: Despite ongoing MDA, the prevalence of anaemia in SAC remained 
high and increased in certain parts of the country. It is recommended that MDA programmes 
targeting STH are complemented with specific anaemia interventions.  
 
Key words: Soil-transmitted helminthiases, Ascaris lumbricoides, Trichuris trichiura, hookworm 
infection, anaemia, school-aged children, model-based geostatistics, spatiotemporal modelling, 
predictive risk mapping. 
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Lay summary 
 
Little is known about the long-term impact of mass drug administration (MDA) for the control of 
soil-transmitted helminthiases (STH) on the spatiotemporal variation of anaemia prevalence and 
severity. We describe the long-term spatiotemporal impact of a 5-year STH MDA programme 
(2007‒2011) on the prevalence of anaemia and anaemia severity in school-aged children (SAC) in 
Burundi. We used annual haemoglobin concentration and STH data collected during 2007–2011 
in 31 schools in Burundi. Bayesian geostatistical models were developed to a) quantify the role of 
STH (adjusted for other anaemia determinants) in the spatiotemporal distribution of anaemia 
prevalence/severity, and b) predict the geographical variation of both outcomes across Burundi. 
Infections with Ascaris lumbricoides and Trichuris trichiura were positively and significantly 
associated with childhood anaemia; hookworm infections were not. A significant decrease in 
anaemia prevalence was predicted in western areas. The prevalence of low-severity anaemia 
decreased in southern and eastern areas. Moderate/high-severity anaemia was concentrated in 
western regions of Burundi, with pockets in the central and northern regions in 2008. Despite 
ongoing MDA, the predicted prevalence of anaemia in SAC remained high and increased in certain 
parts of the country. It is recommended that MDA programmes targeting STH are complemented 
with specific anaemia interventions.  
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Introduction  
 
Anaemia affects 1.8 billion people globally [1]. In children, anaemia can cause impaired cognitive 
development, compromised immune system development, and increased risk of mortality [2]. 
Several risk factors are associated with anaemia including individual, household and 
environmental factors. Main individual factors are infectious diseases and genetic factors. 
Infectious diseases include HIV, malaria and neglected tropical diseases such as soil-transmitted 
helminthiases (STH) and schistosomiasis. Genetic factors include inherited blood disorders such 
as sickle cell anaemia and thalassemia [3-6]. Household factors involve socioeconomic status of 
the household, poverty and associated individual-level factors such as malnutrition, low sanitation 
and poor hygiene practices [1, 6-8]. Though little is known about the more distal environmental 
factors, there is an established connection between anaemia and landcover/land use, access to fresh 
water, precipitation and elevation, which modulate other proximal individual-level and household 
factors [9, 10]. 
Anaemia is associated with STH (Ascaris lumbricoides, Trichuris trichiura and hookworm 
infections), as the presence of these parasites lead to occult bleeding through the bowel, anaemia 
of inflammation and reduction in available macro- and micronutrients within the host's body [3, 
11]. Prevalence of hookworm has long been associated with the prevalence of anaemia [5, 9, 12-
16]. Numerous studies have examined the relationship between anaemia, STH and other 
environmental and socioeconomic covariates [5, 7, 8, 12, 13, 15-19]. These studies highlight a 
positive correlation between hookworm infections, poor socioeconomic standing, low vegetation 
cover and high prevalence of anaemia. 
For the past decade, the World Health Organization (WHO) has adopted Mass Drug 
Administration (MDA) deworming programmes as their key STH control intervention to target 
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and manage STH-related co-morbidities, including nutritional deficiencies and poor growth 
outcomes [20]. Following MDA, treated children were found to have better growth outcomes than 
those untreated. Whilst the effects of MDA on blood haemoglobin (Hb) were found to be directly 
non-significant, significantly improved appetites and improved physical growth outcomes were 
observed in the treated population. This improvement also brought about an indirect improvement 
in blood Hb levels [21]. This was demonstrated over many geographies as demonstrated by Hall 
et al 2008 which was a meta-analysis summarizing the effects over multiple studies [21]. 
In Burundi, anaemia is a major health issue, with an estimated 3 million, out of 10 million 
people being anaemic [1], of which up to 47% are school-aged children (SAC) [1, 22]. Since 2007, 
control of STH and schistosomiasis has been implemented via MDA programmes conducted by 
the Schistosomiasis Control Initiative (SCI) [23] with the aim of reducing the impact of co-
morbidities, in particular anaemia [24]. A history of political and social instability has caused 
disruptions of treatments in 2010 and from 2015 to the present, resulting in MDA coverage <50% 
in 2010 and no coverage from 2015 onwards. The MDA programme delivery of albendazole was 
expected to reduce the overall prevalence of anaemia in Burundi by reducing the prevalence of 
A. lumbricoides, T. trichiura and hookworm infections. Thus, the disturbance of the programmes, 
which resulted in a resurgence of these parasites [24, 25], is also expected to have led to an increase 
in anaemia prevalence. 
Previous studies in West Africa have developed predictive anaemia prevalence and 
anaemia severity maps using ecological relationships with STH and environmental predictors [26, 
27], and found significant relationships between hookworm infection, land surface temperature, 
normalized difference vegetation index (NDVI) and anaemia prevalence. 
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While relationships between STH and anaemia prevalence are assumed, these assumptions 
have not been tested by monitoring anaemia rates during long-standing MDA programmes, nor 
have current studies made use of individual-level and temporally measured data on STH and 
anthropometric measurements to develop predictive anaemia prevalence and anaemia severity 
maps. Spatiotemporal modelling of anaemia can help to monitor and evaluate the impact of public 
health interventions such as MDA programmes for STH, as well as guide future interventions to 
reflect the distribution of populations most at risk. 
Therefore, this study aimed to a) evaluate the spatial variation in the impact of a 5-year 
STH MDA programme on prevalence of anaemia and anaemia severity in SAC; b) identify 
communities where the estimated total number of anaemic children is at its highest, and c) evaluate 
the impact of MDA programme disruption on the anaemia indicators investigated and the number 
of anaemic SAC in Burundi.  
 
Materials and methods 
 
Ethical considerations  
Ethical clearance was obtained from the Research Ethics Committee of Imperial College London 
(ICREC_8_2_2). For all surveys, individual child names were registered on paper forms to ensure 
unique sample collection and individual anthelmintic treatment if necessary. Those found positive 
for STH at the time of surveys received anthelmintic treatment immediately, but children found to 
be anaemic were not provided with any specific treatment for anaemia. In addition, MDA rounds 
were provided to all schools, including schools which were not part of the sentinel sites, two to 
four weeks after surveys were conducted. Children’s names were not entered into the database; 
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instead the original paper forms were stored by the Burundian Ministry of Health. Data were 
anonymized prior to analysis by assigning each participant a unique identification number.   
 
Data collection on anaemia and soil-transmitted helminthiases 
The protocol for data collection for the 2007–2011 school-based surveys has been reported 
elsewhere [28]. In brief, the surveys were conducted in conjunction with the delivery of an STH 
MDA programme in each school targeting children aged from 5 to 15 yrs. Data were gathered and 
collected from the 12 pilot sites in 2007 and the same 12 pilot sites in addition to 19 extension 
schools (31 schools in total) during three years (2008, 2009 and 2011); however, due to civil unrest, 
only the initial 12 pilot sites out of the 31 were surveyed in 2010. Data collection and sampling 
methods have been described in detail elsewhere [24, 25]. A total of 40,656 children were sampled 
over the 5 years and data on each child included age, sex, blood Hb levels, egg counts for 
A. lumbricoides, T. trichiura and hookworms, height, weight, and school location. 
Between 2007 and 2010 each child was tested for anaemia using HemoCue strips, which 
provide a quantitative measurement of Hb concentration [29]; in 2011 children were tested for 
Hb concentration using the Lovibond blood test, which provides a colour-based qualitative 
measurement (21). All Hb results were adjusted for elevation above sea level [30, 31]. To allow 
comparability with HemoCue results from 2007‒2010, the 2011 Hb Lovibond test results were 
adjusted by multiplying by a factor of 1.14 to adjust for reader error [32]. In order to determine 
the prevalence of anaemia and anaemia severity, Hb levels were categorised using WHO 
guidelines based on age and sex as shown in Table 7.1 [33]. 
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Table 7. 1: Anaemia severity thresholds (blood haemoglobin concentration). 
Population age groups 
and status 
Non-
anaemic (g/l) 
Low severity 
(g/l) 
Moderate 
severity (g/l) 
High 
severity (g/l) 
5‒11yrs ≥115 110‒114 80‒109 <80 
12‒14yrs ≥120 110‒119 80‒109 <80 
Non-pregnant women 
aged ≥15yrs 
≥120 110‒119 80‒109 <80 
Pregnant women aged 
≥15yrs 
≥110 100‒109 70‒99 <70 
Men aged ≥15yrs ≥130 110‒129 80‒109 <80 
Classification is according to the World Health Organization guidelines [33].  
Micro-blood samples were taken from 100 children (aiming for 50 boys and 50 girls) per 
school using HemoCue strips. Each year, samples were collected in May and the MDA round was 
delivered in June.  
Height and weight measurements were collected for every child and used to calculate 
anthropometric Z-scores for each child. Weight-for-Age, and Height-for-Weight are 
predominately used for children under the age of 5; our study population ranged from 5 to 15yrs 
and to have a consistent measure of malnutrition across all ages we calculated Height-for-age Z-
scores (HAZ) for every child using the WHO AnthroPlus tool [34]. However, due to data 
limitations, not every child had a WAZ and HAZ. 
Geographical coordinates of each school were recorded using hand-held global positioning 
system (GPS) units and summary data were plotted in a geographical information system (GIS) 
(ArcMap version 10.3, ESRI, Redlands, CA, USA).  
 
Environmental, infection and population data 
Data on socioeconomic status (SES) of households per district of Burundi were obtained from the 
Burundi Demographic Health Survey (DHS) of 2010 using the household wealth index. SES 
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results were analysed on a continuous scale and as such were standardised using the arithmetic 
mean and standard deviation. Using interpolation methods, Inverse Distance Weighted (IDW), in 
ArcGIS, SES was predicted across the country using 1km by 1km grids. For modelling purposes, 
SES of school sites were used for children as it was not possible to identify the SES of children’s 
homes. 
Malaria prevalence for 2007–2011 were obtained using 5km by 5km predicted prevalence 
maps from the Malaria Atlas Project (MAP) [35, 36]. Due to gaps in the MAP maps, focal 
statistics/nearest neighbour methods in ArcGIS were used to fill in gaps for the prevalence maps 
per year. For modelling purposes, predicted malaria prevalence values were extracted for each 
school location using the GIS, because the children were not tested for malaria in this survey. 
Electronic data for NDVI for a 30m x 30m grid cell resolution were obtained from Landsat 
5 and 8 satellite images via the Google Earth Engine database. Elevation data with a 30m x 30m 
grid resolution, generated by a digital elevation model from the Advanced Space-borne Thermal 
Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) were 
obtained. Land surface temperature (LST) data were also obtained from the ASTER system with 
a 500m x 500m resolution. Precipitation data were collected from WorldClim with 1km x 1km 
grid resolution. Remotely sensed data for LST and NDVI were recorded monthly from 2007 to 
2011 and a new annual raster file was created. The location of large perennial inland water bodies 
was obtained from the Food and Agriculture Organization of the United Nations [37] and the 
distance to perennial inland water bodies (DPWB) was estimated for each survey location in the 
GIS. A 5km x 5km resolution population surface derived from the Global Rural-Urban Mapping 
Project (GRUMP) beta product was obtained from the Centre for International Earth Science 
Information Network (CIESIN) of the Earth Institute at Columbia University [38]. Values at each 
  272 
survey location (i.e. school) for all environmental datasets were extracted in the GIS. However, 
for LST, NDVI and precipitation, only maps from 2011 were used as little variance was evident 
between maps for each year. All remotely sensed environmental data were recorded at the sentinel 
sites and not at individual child home locations. 
Predictive prevalence maps for A. lumbricoides, T. trichiura and hookworms developed in 
our previous study [25], with approximately 30m x 30m cell size, were used in the prediction phase 
of spatial modelling.  
 
Statistical analyses  
Non-spatial models of prevalence of anaemia and anaemia severity 
Statistical analyses were conducted for two separate outcomes, namely, prevalence of anaemia 
(proportion of children found anaemic) and prevalence of anaemia severity (classed as the 
proportion of children non-anaemic, or with low, moderate and severe anaemia according to the 
WHO classification described in Table 1). The relationships between each of the outcomes and 
all environmental, socioeconomic, anthropometric and infection covariates at each of the 31 
sentinel school sites were investigated using scatterplots and best-fit lines. If the scatterplot and 
best-fit lines were found to be linear, the covariate was included in the univariable and 
multivariable models as a fixed effect, else, a quadratic term for that variable was included in the 
univariable and multivariable models. Relationships between STH and anaemia prevalence were 
assessed using modified Rao-Scott chi-squared tests in STATA 13 (STATA Corporation, 
College Station, TX, USA). A modified Rao-Scott chi-squared test was selected as it tests for the 
likelihood ratio between anaemia prevalence and STH prevalence rather than the differences in 
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proportions that a standard chi-squared test examines. The test was modified to adjust for 
clustering by site. 
Fixed-effect binomial logistic regression models of presence of anaemia and multinomial 
logistic regression models of anaemia severity were developed in STATA version 13. Due to 
data distribution, particularly the small counts in the high anaemia severity category, the data for 
moderate- and high-severity anaemia were combined into a single category for the analysis of 
anaemia severity. All univariable models included the individual-level variables of age, sex and 
year of survey as fixed effects. Infection covariates included prevalence of A. lumbricoides, T. 
trichiura, hookworm and prevalence of malaria with a quadratic transformation. Prevalence of 
STH co-infections and intensity of STH were not included in the analysis because prevalence of 
co-infections and moderate and high intensity infections were very low from 2008 onwards [24]. 
Environmental covariates included fixed effects for NDVI, LST and elevation, and quadratic 
transformations for DPWB and precipitation. Socioeconomic covariates included standardised 
socioeconomic scores only. Anthropometric covariates included standardised HAZ scores only. 
Variables included in the multivariable models were grouped into four categories. The first one 
comprised all fixed-effect variables, the second one the infection variables, the third one 
included the environmental variables and the fourth the anthropometric variables. All selected 
variables have a known correlation with anaemia prevalence and anaemia severity.  
Three tiered nested multivariable regression models were constructed to observe the 
impact of each group of covariates on the relationship with anaemia prevalence: 1)  Model 1 
included age and sex as fixed effects, survey year and (STH, malaria) infection as covariates; 2) 
Model 2 included the variables in Model 1 plus the environmental covariates (including SES); 3) 
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Model 3 included all variables in Model 2 plus anthropometric/nutrition status (HAZ) covariates. 
All variables were included in the final multivariable model and adjusted for clustering effects. 
 
Analysis of residual spatial dependence 
Residual semivariograms from the final multivariable models for the prevalence of anaemia for 
each survey year were estimated using the geoR package of the statistical software R (The R 
Project for Statistical Computing, https://www.r-project.org/). Semivariograms allow for the 
quantification of spatial clustering through the estimates of four key parameters: i) the sill, which 
details the total variation; ii) the partial sill (the difference between the nugget and the sill), 
which details the variation due to geographical variation; iii) the nugget, which represents the 
variation due to non- spatially constructed factors, and iv) the range, which represents the size of 
clusters of the variable in question (in our case anaemia prevalence) in decimal degrees. The 
proportion of variance of the data that can be attributed to spatial location was estimated by 
dividing the partial sill by the sill. When the sill of residual semivariograms is not within a 
reasonable range, this indicates the presence of first-order spatial variation, also termed spatial 
trend. 
 
Parameter estimation, spatial risk prediction and model validation 
It was not possible to prepare anaemia maps for 2007 due to lack of data for that year. Parameter 
estimation and spatial prediction of prevalence of anaemia and of anaemia severity classes was 
performed for each year using, respectively, binomial model-based geostatistics (MBG) and 
multinomial MBG, within the Bayesian statistical software, OpenBUGS version 1.4 (Medical 
Research Council Biostatistics Unit, Cambridge UK and Imperial College London, London, 
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UK). For parameter estimation in both models, an initial model learning phase was conducted 
including year of survey, demographics, STH status, and anthropometric, environmental and 
socioeconomic data as fixed effects, and a geostatistical random effect, in which spatial 
autocorrelation between locations was modelled using an exponentially decaying autocorrelation 
function. Parameter ɸ denotes the rate of decay of spatial autocorrelation, which was used to 
calculate the size of clusters, with 3/ɸ providing cluster size in decimal degrees, and 1 decimal 
degree being equivalent to approximately 111.32km [27].  In the spatial prediction phase, models 
included age, survey year, sex and a set of predicted values based on existing maps for predicted 
prevalence of STH (A. lumbricoides, T. trichiura and hookworms) [25], as well as the predicted 
prevalence of malaria [36]. 
The output of MBG models are called posterior distributions, from which the mean and 
the uncertainty associated with parameter estimates can be derived (full model in annex figure 
S7.4). Predicted values of anaemia prevalence and severity were summarised into the posterior 
mean, 95% credible intervals (95% CI) and standard deviation. Estimation of changes in the 
predicted surface area of the prevalence of anaemia and of anaemia severity categories was 
conducted in ArcGIS using its raster calculator and zonal statistics tools. 
The accuracy of predictions of the prevalence of anaemia and prevalence of anaemia 
severity classes was assessed using the mean prediction error and the mean absolute error 
between the predicted and the observed values taken using a subsample of the same dataset to 
predict against. [26, 39]. The mean error quantifies the bias of the predictor, and the mean 
absolute error provides a measure of the association between the observed and the predicted 
values [26, 39].  
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Estimation of number of school-age children at risk of anaemia 
In order to quantify the burden of anaemia in Burundi (defined as the number of anaemic SAC 
per district in Burundi), population density maps were multiplied by the predicted prevalence of 
anaemia maps using ArcGIS version 10.5 (ESRI, Redlands, CA). To capture changes in 
population growth rates, the population density maps were multiplied by the population growth 
rate from 2008 to 2011. The produced maps estimated the number of anaemic children per 
district as well as the number of children at risk of different anaemia severity classes. 
 
Results 
 
Dataset for analysis 
From 2008 to 2011, a total of 37,675 individual observations for Hb concentration across 31 
schools (with the exception of 2010, when only 12 sites were surveyed), were included in the 
analysis. Seventeen percent of anaemic children were infected with A. lumbricoides, which was 
statistically significantly higher than in non-anaemic children (11%) (p <0.001); in contrast, 8.8% 
of anaemic children were infected with hookworm, and this result was not significantly different 
from that in non-anaemic children (7.5%) (p = 0.1) (Table 7.2). 
 
Table 7. 2: Prevalence of soil-transmitted helminthiases in school-aged children classified according to their 
anaemia status in Burundi, 2008–2011. 
Parasite Not anaemic Anaemic 
Prevalence 95% CI Prevalence 95% CI 
Ascaris 
lumbricoides 
11.0% (6.7, 15.3) 17.0% (11.2, 22.8) 
Trichuris 
trichiura 
4.4% (2.8, 6.1) 6.3% (3.2, 9.4) 
Hookworm 7.5% (5.9, 9.4) 8.8% (6.1, 11.6) 
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Infection with T. trichiura was more common in anaemic than in non-anaemic children, and this 
difference was statistically significant (6.3% vs. 4.4%, p = 0.03). The proportion of children with 
low-severity anaemia was higher in those infected with A. lumbricoides (23%), as well as in those 
infected with T. trichiura (15%). Whilst the proportion of children with low-severity anaemia was 
also high in children infected with hookworm (8.1%), this relationship was not statistically 
significant. The prevalence of moderate- and high-severity anaemia was found to be highest in 
children infected with A. lumbricoides (19.2% and 23%, respectively). The proportion of 
moderate- and high-severity anaemia was, respectively 8.5% and 8.1% in children with 
hookworm, and 5.1% and 15.1% in children with T. trichiura (Table 7.3).  
Table 7. 3: Prevalence of soil-transmitted helminthiases in school-aged children classified according to their 
anaemia severity in Burundi, 2008–2011. 
Anaemia severity Ascaris lumbricoides Trichuris trichiura Hookworm 
Prevalence 95% CI Prevalence 95% CI Prevalence 95% CI 
None 11.0% (6.7, 15.3) 4.4% (2.8, 6.1) 7.5% (5.5, 9.4) 
Low 15.1% (9.8, 20.4) 6.3% (2.9, 9.7) 9.1% (6.4, 11.8) 
Moderate 19.2% (12.7, 25.8) 5.1% (2.7, 7.5) 8.5% (5.1, 11.8) 
High 23.0% (3.4, 42.7) 15.1% (4.6, 25.6) 8.1% (3.4, 12.8) 
 
Non-spatial statistical modelling 
In non-spatial regression models (Models 1–3), after adjusting for other covariates, the presence 
of anaemia, as a binary variable, was positively and statistically significantly associated with A. 
lumbricoides and T. trichiura infections (Odds Ratio (OR) = 1.56 and OR=1.39, p = <0.0001 and 
0.001, respectively). Prevalence of anaemia was not significantly associated with hookworm 
infection (OR = 1.09, p = 0.4). The prevalence of anaemia was negatively but not statistically 
significantly associated with malaria or SES (OR =0.96 and OR=0.99 and p = 0.74 and 0.77, 
respectively). Of all environmental co-variates, only NDVI was significantly and negatively 
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associated with the prevalence of anaemia (OR = 0.90, p = <0.0001). DPWB and elevation were 
both significantly and positively associated with the prevalence of anaemia (OR=1.16 and 
OR=1.63, p=0.05, 0.03 respectively) 
After adjustment for demographic, anthropometric/malnutrition (HAZ values), infection 
and environmental covariates, prevalence of low-severity anaemia was positively and significantly 
associated with A. lumbricoides and T. trichiura (OR = 1.18 and OR = 1.32, p = 0.04 and 0.02 
respectively). A. lumbricoides (OR=1.36, p=0.01), T. trichiura (OR=1.36, p=0.01), malaria 
(OR=1.17, p=0.00), NDVI (OR=1.36, p=0.01) and SES (OR=1.36, p=0.00) were all found to be 
positively and significantly associated with the prevalence of moderate/high-severity anaemia 
(Table 7.4). 
 
Table 7. 4: Results of the final non-spatial statistical models for factors associated with the prevalence of anaemia 
and of anaemia severity in Burundi, 2008–2011. 
 
Prevalence of anaemia Prevalence of low 
severity anaemia 
Prevalence of 
moderate/high severity 
anaemia 
Variable Odds-ratio P-
Value 
Odds-ratio P-
Value 
Odds-ratio P-Value 
Gender - male 1.27 0.00 1.24 0.00 1.14 0.00 
A. lumbricoides 1.56 0.00 1.18 0.04 1.36 0.01 
T. trichiura 1.39 0.00 1.32 0.02 1.43 0.01 
Hookworm 1.09 0.40 1.11 0.20 1.08 0.31 
Malaria 0.96 0.74 0.93 0.32 1.17 0.00 
LST 1.21 0.41 1.31 0.24 0.75 0.48 
DPWB 1.16 0.05 1.01 0.97 0.73 0.22 
NDVI 0.90 0.00 1.12 0.25 1.36 0.01 
Precipitation 0.89 0.11 0.93 0.50 0.76 0.17 
Elevation 1.63 0.03 1.68 0.07 1.23 0.66 
SES 0.99 0.77 1.09 0.29 1.36 0.00 
 
Spatial dependence in prevalence of anaemia and of anaemia severity classes 
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Semivariograms for observed prevalence of anaemia demonstrated a trend in spatial dependency 
for all years except 2008 (Annex, Fig S7.1). After accounting for all covariates, residual 
semivariograms of the prevalence of anaemia showed trends in spatial dependency for all years 
except 2011. Residual semivariograms for the prevalence of low-severity anaemia showed that 
clustering was evident in 2008 and 2010, whilst trends in spatial dependency were evident in 2009 
and 2011 (Annex, Figure S7.2). Residual semivariograms for the prevalence of moderate/high-
severity anaemia showed that clustering was only evident in 2008, whilst trends in spatial 
dependency were evident from 2009 to 2011 (Annex, Figure S7.3 and Table S7.1). 
Spatial risk prediction 
Predicted prevalence of anaemia 
Our analysis shows that for all years, boys had a higher prevalence of anaemia than girls (Table 
7.5). The results of the prevalence of anaemia model indicates the presence of small clusters of 
anaemia prevalence throughout Burundi (ɸ=220.3, clusters ~1.52km).  
 
Table 7. 5: Prevalence of anaemia for school-aged children in Burundi  
  Boys (95% CI) Girls (95% CI) Total 
2007 38% (0.33, 0.42) 33% (0.28, 0.37) 35% 
2008 49% (0.45, 0.54) 45% (0.40, 0.49) 47% 
2009 29% (0.25, 0.33) 27% (0.23, 0.31) 28% 
2010 40% (0.35, 0.44) 35% (0.31, 0.39) 37% 
2011 23% (0.19, 0.26) 18% (0.14, 0.21) 20% 
Overall 
years 
33% (0.29, 0.38) 29% (0.25, 0.33) 31% 
 
Variation in prevalence of anaemia was evident throughout the years and all over the 
country. High prevalence of anaemia (>50%) appeared to be concentrated within the central, 
northern and eastern regions of the country in 2008 and 2010 (Fig 7.1a, 7.1c). These areas 
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maintained a moderate prevalence of anaemia (20‒50%) in 2009 and 2011 (Fig 7.1b, 7.1d). A 
significant decrease in the prevalence of anaemia, from 40‒50% in 2009 to 10‒20% in 2011, was 
predicted in areas to the west of the country (Fig 7.1a, 7.1d). Maps for all years exhibited very low 
to low levels of uncertainty (Annex, Fig S7.5). 
 
Figure 7. 1: Predicted prevalence maps of anaemia per year for school-aged children (5–15yrs) in Burundi, 2008–
2011. (a) 2008, (b) 2009, (c) 2010, (d) 2011. 
 
 
Areas of high prevalence of anaemia corresponded to high numbers (>15 children with 
anaemia per pixel) of affected SAC (Fig 7.2a‒2d). The numbers of anaemic children per district 
and per year in Burundi are provided in Annex, Table S7.2. The overall number of anaemic 
children decreased between 2008 and 2011 by 48%, from 443,657 to 232,304, with a resurgence 
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in the number of anaemic children during the MDA disruption in 2010 (to 480,605, an increase of 
8% from 2008, Fig 7.2a‒2d). 
 
Figure 7. 2: Estimated number of anaemic school-aged children (5–15yrs) in Burundi, 2008–2011, per 550m2 pixel. 
(a) 2008, (b) 2009, (c) 2010, (d) 2011. 
 
 
Predicted prevalence of anaemia severity classes 
Predicted prevalence of low- and moderate/high-severity anaemia was higher in SAC boys than in 
girls from 2008 to 2011. For 2008, the predicted prevalence of low-severity anaemia was 15% 
(boys) and 14% (girls), and that of moderate/high severity was 8% (boys) and 7% (girls). For 2011, 
the corresponding values for predicted low-severity anaemia were 8% (boys) and 7% girls, and for 
moderate/high severity, 3% (boys) and 2% (girls). These differences were statistically significant 
(p <0.01) after adjusting for all covariates and including STH status. 
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The predicted prevalence of low-severity anaemia demonstrated smaller clusters (ɸ=14.47; 
23.1km) across the country, whilst prevalence of moderate/high-severity anaemia exhibited larger 
clusters across the country (ɸ=1.4, 238.5km).  
The predicted prevalence of low-severity anaemia appeared high (>70%) along the western 
region of the country in 2008, where it gradually receded until it remained concentrated in the 
central west region of the country (south east of the capital Bujumbura). Along the central north 
and northeast of the country, the predicted prevalence of low-severity anaemia increased from 
between 30‒40% (2008) to >80% (2011). The predicted prevalence of low-severity anaemia 
appeared to decrease, from 40%‒50% (2008) to <20% in 2011 in the south and east of the country 
(Fig 7.3a–3d). Areas with predicted prevalence of moderate/high-severity anaemia severity 
appeared to be concentrated in the western regions of Burundi between 2008 and 2011, with 
pockets of 40–50% predicted prevalence of moderate/high-severity anaemia in the central and 
northern regions in 2008. Areas with predicted prevalence of moderate/high-severity anaemia 
decreased in size throughout the country between 2008 and 2011 but remained at values between 
30–40% in the western region of the country in 2011 (Fig 7.4a–4d). 
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Figure 7. 3: Predicted prevalence maps of low-severity anaemia per year for school-aged children (5–15yrs) in 
Burundi, 2008–2011. (a) 2008, (b) 2009, (c) 2010, (d) 2011. 
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Figure 7. 4: Predicted prevalence maps of moderate/high-severity anaemia per year for school-aged children (5–
15yrs) in Burundi, 2008–2011. (a) 2008, (b) 2009, (c) 2010, (d) 2011. 
 
 
Estimates of the number of children anaemic and in each anaemia severity class 
Overall, the predicted number of children with either low- or moderate/high-severity anaemia 
decreased between 2008 and 2011, with a (1.3%) reduction, from 219,628 to 216,813 for children 
with low-severity anaemia, and with a (60%) reduction, from 175,066 to 70,453 for children with 
moderate/high-severity anaemia (Annex, Table S7.3). 
The number of boys with low-severity anaemia was highest in and around the capital 
district, Bujumbura, for all years, with on average between 60–100 SAC children per pixel (550m2) 
predicted to have low-severity anaemia (Fig 7.5a–d). The northern districts of Burundi experienced 
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an increase in the number of children with low-severity anaemia in 2011 compared to 2008. 
Overall, there was a decrease in the number of children with moderate/high-severity anaemia from 
2008 to 2011 (Fig 7.6a–d). The greatest burden was, again, predicted to be in and around the capital 
district of Bujumbura, with on average >50 children per pixel predicted to have moderate/severe 
anaemia. 
 
Figure 7. 5: Estimated number of school-aged children (5–15yrs) with low-severity anaemia in Burundi, 2008–
2011, per 550m2. (a) 2008, (b) 2009, (c) 2010, (d) 2011. 
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Figure 7. 6: Estimated number of school-aged children (5–15yrs) with moderate/high-severity anaemia in Burundi, 
2008–2011, per 550m2. (a) 2008, (b) 2009, (c) 2010, (d) 2011. 
 
Uncertainty around the predicted prevalence of low-severity anaemia was low (<5%). 
Predictive maps of the prevalence of moderate/high-severity anaemia also had low associated 
uncertainty across the years (Annex, Fig S7.5 and Fig S7.6).  
 
Model validation 
The models for prevalence of anaemia had a mean predictive error for all years ranging between –
0.005 and 0.027, except for those in 2010, which had a mean predictive error of 0.18. The mean 
predictive error for the prevalence of anaemia severity models, for all years, ranged from 0.05 to 
0.08 for low-severity anaemia, and from –0.009 to 0.12 for moderate/high-severity anaemia 
(Annex, Table S7.4). 
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Discussion 
In this study, we used a large longitudinal database from a 5-year STH MDA programme in 
Burundi to investigate spatiotemporal changes in prevalence of anaemia and of anaemia severity, 
and to explore the relationships between these and STH, while controlling for malaria endemicity, 
malnutrition, SES and environmental conditions.  Overall, our results suggest substantial 
spatiotemporal variation in anaemia prevalence and severity over the 5-year MDA programme in 
Burundi. After adjusting for confounders and other factors contributing to anaemia, the results 
suggest that ascariasis, trichuriasis, malaria and NDVI are significantly influential on the 
prevalence and intensity of anaemia in Burundi. Our models predicted that areas with the highest 
burden of disease, and thus requiring the most attention, include areas around Bujumbura, the 
capital of Burundi and the central and northern districts of the country. Furthermore, children with 
A. lumbricoides were almost twice as likely to be anaemic than children with T. trichiura. 
STH has 2 know causal pathways for co-morbidity in infected children 1) it causes 
malnutrition evidenced by stunting and wasting [21] and 2) directly causes anaemia [19]. Anaemia 
reduction, in both prevalence and severity, was evident countrywide from 2008 until 2010, after 
which there was an increase in anaemia prevalence and severity in 2010, followed by another 
decrease in prevalence and severity in 2011. Civil unrest in Burundi in 2010 led to all programmes 
in extension sites being halted due to security issues, and no treatment or data collection were 
possible in 19 out of 31 schools. Moreover, due to civil unrest, a substantial resurgence in the 
prevalence of anaemia and moderate/high-severity anaemia was observed in the same year, similar 
to baseline rates, highlighting the fragility of MDA-only programmes for STH morbidity control. 
This indicates that the role of MDA in reducing STH-related co-morbidities, and anaemia in 
particular, relies heavily on continuous treatment. Thus, the risk of developing anaemia remained 
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high for SAC, especially boys, across the years. Interestingly, the civil unrest mainly involved 
regions near the capital on the central western border of the country. Patterns of migration suggest 
that people fleeing the civil unrest from urban areas migrated east towards the centre of the country 
[40, 41], which is also the region with the greatest rise in anaemia prevalence in 2010 and 2011. 
This suggests that if human migration movements are not considered during health interventions, 
especially in places prone to instability, prevalence is likely to spike back to near-baseline levels 
in the affected areas, essentially reversing the impact of a long-running MDA programme within 
the course of a year. 
Examining the relationship between anaemia and STH, after adjusting for malaria and other 
confounders; and stratifying the prevalence of anaemia to reflect the prevalence of low- and 
moderate/high-severity anaemia yielded programmatically-relevant results. We found that NDVI 
(negatively) was significantly associated with the prevalence of anaemia, whilst malaria and SES 
were both positively and significantly associated with the prevalence of moderate/high severity 
anaemia. This finding emphasises and supports current literature on the role of scarce vegetation 
coverage and the presence of malaria in increasing the prevalence of anaemia [42]. Low NDVI 
represents low vegetation coverage, however it is unknow from NDVI measures if this represents 
no-farming populations or farming areas experiencing crop failure and as such the exact causal 
pathway in which NDVI influences anaemia is largely unclear [42]. However, the positive 
association with SES could be due to SES data not being available per child and only being 
available at the school location via a proxy variable from the DHS [43]. This meant that our 
statistical models associated anaemia with a relatively higher SES (i.e. the school) area rather than 
the child’s home SES. 
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After adjusting for other covariates, infection by A. lumbricoides was found to be 
significantly associated with the prevalence of anaemia and the prevalence of both low- and 
moderate/high-severity anaemia. The biological ability of A. lumbricoides to produce c.200,000 
eggs/day [44], causing inflammation in the intestinal tract, may result in increased prevalence of 
anaemia and explain the trend evident in our models. In fact, A. lumbricoides eggs in tissue incite 
granulomatous inflammation, and larvae migrating through the host’s lungs stimulate an 
inflammatory infiltrate with abundant eosinophilic leukocytes. Our results also show that T. 
trichiura infections were significantly associated with the prevalence of anaemia and the 
prevalence of low-severity anaemia and moderate-high severity anaemia. T. trichiura infections 
often co-occur together with A. lumbricoides in Burundi [45]. T. trichiura female worms produce 
approximately 20,000 eggs per day [46], and their anterior end is embedded in epithelial cells 
within the intestinal mucosa, causing substantial inflammation at the site of attachment. Contrary 
to common understanding and knowledge of the relationship between anaemia and STH, and thus 
somewhat surprisingly, hookworm was not significantly associated with any of the anaemia 
prevalence indicators used. In our previous studies, we had reported that, in Burundi, hookworm 
infection was classed as belonging to the low- and moderate-intensity classes according to the 
WHO [24]. The lack of association with anaemia prevalence found here could be partly explained 
by hookworm infections being more prevalent in adults than children [47], and as such we would 
not expect to see a large effect of hookworm infection on anaemia in SAC. Furthermore, whilst 
hookworm was moderately prevalent in Burundi, we had also reported that hookworm co-
infections made up less than 10% of co-infection patterns [24].  
Our approach represents an important advancement in the way we evaluate the 
effectiveness of STH MDA programmes aimed at morbidity reduction by adding a spatiotemporal 
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component to describe changes in the number of children at risk of anaemia both geographically 
and temporally. Using this approach, our results suggest significant spatial heterogeneity in 
anaemia prevalence and severity after controlling for covariates. Also, despite the 5-year MDA 
programme and evident reduction of anaemia over time, pockets of high prevalence of anaemia 
and moderate/high-severity anaemia remained in the country south-east of Bujumbura and in the 
northern and central northern districts of the country. Our spatiotemporal predictive maps of 
anaemia prevalence and severity allow the identification of communities in need of public health 
interventions, both STH MDA and anaemia specific, which can be lifesaving in the cases of severe 
anaemia. Using such maps in the context of STH MDA programmes can assist monitoring and 
evaluation as well as disease surveillance activities. The opportune availability of such maps would 
have benefited the Burundi MDA programme, by alerting that despite ongoing MDA, the 
prevalence of anaemia remained high, and increased over the years in parts of Burundi where 
MDA was disrupted.  
Comparing the results reported in this paper to those of the predicted number of children 
infected with each nematode species responsible for STH reported previously for Burundi [25], it 
is reassuring to see that if the numbers of children predicted to be infected with each parasitic 
infection were low, they generally corresponded with low numbers of children with anaemia in 
both severity classes. Areas with the highest density of low- and moderate/severe anaemia (>60 
children per pixel) corresponded to areas where both the number of children with A. lumbricoides 
and T. trichiura were highest (>80 children per pixel), and these areas were predominantly in and 
around Bujumbura and northern districts of Burundi. 
 Furthermore, our results indicate that prevalence of anaemia was higher in SAC boys than 
girls for all years of this study. While again, somewhat unexpected [17], this finding may reflect 
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the higher risk of STH acquisition by boys as a result of activities related to being outdoors at an 
earlier age and more often than girls, or helping adults in farming, fishing and/or agricultural work 
[10, 48]. However, since the models adjusted for STH species, it is also likely that differences in 
diet [22] , glucose-6-phosphate dehydrogenase (G6PD deficiency – a genetic disorder which 
affects males more often) [49] or HIV [50] can play key roles in anaemia in boys. Due to 
limitations in available data, the aforementioned could not be accounted for in the models. This 
finding has potentially important programmatic implications since the majority of anaemia 
interventions are geared towards women of childbearing age [51, 52] and requires further 
investigation.  
 
Study limitations 
 
These are categorised as those due to consideration of other infections, diagnostic accuracy (of 
both STH and anaemia) and sample size limitations.  
 
Other infections: A degree of caution is required when interpreting the anaemia prevalence models 
presented here as not all conditions and infections potentially associated with anaemia were 
included in the models, e.g. HIV infection. Due to the stigmatisation accompanying HIV diagnosis 
and barriers to treatment access, data and maps of HIV prevalence do not exist in a high enough 
resolution to have allowed for incorporation of this information into the models. Malaria data were 
obtained from MAP (https://map.ox.ac.uk/). These maps contained large areas of missing data and, 
hence, an interpolation method was used to predict the missing areas using nearest neighbour cell 
prevalence values as a proxy for the missing cells. This probably introduced error into the 
prediction models that used malaria prevalence as one of the covariates. The areas for which 
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malaria prevalence information was interpolated overlapped with areas of low to moderate 
uncertainty in the anaemia maps across all years. 
 
Diagnostic accuracy (of STH and anaemia): To account for diagnostic problems with hookworm 
larvae deteriorating rapidly if slides are not read promptly, two slides per sample were taken for 
Kato-Katz testing, with one slide tested within 30 minutes but the other slide set to rest, which 
could have affected the sensitivity of diagnosis for hookworm infection [24, 25]. The use of a 
qualitative test to collect Hb levels in 2011 introduced a source of error into the quantification of 
Hb levels. Whilst a correction was applied to the data collected in 2011, the more subjective nature 
of qualitative results may have imposed a limit to the ability of these corrections to provide 
accurate results.  
 
Sample size: The sample size available for analysis in 2010 was considerably smaller than those 
for other years of the study due to political instability in Burundi, which led to no treatment 
received in all extension sites, and thus no data collected from those sites. 
 
Adjusting population density map: Population maps used in our models have been adjusted using 
general annual growth rates and as such they are subject to accuracy issues as actual annual growth 
rates may have not been homogenous across the entire nation. Moreover data were predicted to 
550m x 550m resolution. The clear limitation of this is that the population density will vary within 
5km x 5km and by predicting the prevalence at a higher resolution, the number of infected people 
will carry a margin of error. Urban-rural ratios were not applied to the population density models 
to prevent under estimation of number of anaemic children. However, by not accounting for urban-
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rural ratios produces bias towards high population centres (urban areas) and introduces a margin 
of error. 
Unaccounted for uncertainty: SES data from DHS and malaria data were collected from sources 
that were not designed to provide accurate focal point estimates and as a such introduce a degree 
of uncertainty in prediction models. Adjusting for malnutrition would have reduced the observed 
effect of STH on anaemia, however due to limitations of available data, no HAZ or WAZ scores 
for children over the age of 5 were available. 
 
Conclusions 
 
We have made maximum use of monitoring and evaluation data, collected by the SCI-assisted 
Ministry of Health STH MDA programme in Burundi between 2008 and 2011, by combining 
statistical models for the relationship between anaemia and STH after adjusting for a number of 
covariates with spatiotemporal analysis of the predicted prevalence of anaemia and anaemia 
severity classes. The models indicated, perhaps surprisingly, that ascariasis and trichuriasis were 
positively and significantly associated with anaemia whereas hookworm infection was not, and 
that SAC boys were at higher risk of developing anaemia than girls. Despite substantial efforts to 
reduce morbidity associated with STH by the implementation of a national MDA programme, 
the risk of anaemia in SAC boys remained high and in fact increased in certain parts of the 
country, likely due to migration patterns during political unrest. Thus, it is recommended that 
MDA programmes aiming at morbidity reduction incorporate specific anaemia interventions, 
such as iron fortification of food or iron supplementation, alongside anthelmintic interventions, 
and flexibly respond to the changing needs of the population at risk, particularly after civil unrest 
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has disrupted the continuity of the MDA programme and elicited large-scale movement of 
targeted populations.  
List of abbreviations 
ASTER, Advanced Spaceborne Thermal Emission and Reflection Radiometer; CIESIN, Center 
for International Earth Science Information Network; DHS, Demographic Health Survey; 
DPWB, Distance to perennial water body; GDEM, Global Digital Elevation Map; GIS, 
Geographical Information System; GPS, Global Positioning System; GRUMP, Global Rural 
Urban Mapping Project; HAZ, Height-for-age Z-scores; Hb, haemoglobin; IDW, inverse 
distance weighting; LST, Land Surface Temperature; MAP, Malaria Atlas Project; MBG, model-
based geostatistics; MDA, mass drug administration; NDVI, Normalized Differential Vegetation 
Index; OR, odds ratio; SAC, school-aged children; SCI, Schistosomiasis Control Initiative; SES, 
socioeconomic status; STH, soil-transmitted helminthiases; WHO, World Health Organization; 
95% CI, ninety-five percent credible interval. 
 
Declarations 
Ethics approval and consent to participate 
Ethical clearance was obtained from the Research Ethics Committee of Imperial College London 
(ICREC_8_2_2) and by the Ministry of Health in Burundi. Written and verbal consent were 
provided by teachers on behalf of parents, and by the enrolled children. 
Consent for publication 
All authors have consented to the publication of this manuscript 
Acknowledgements 
  295 
We thank all the partners involved in this programme (the Ministry of Health in Burundi, 
Schistosomiasis Control Initiative, CBM (Christian Blind Mission), the Global Network for 
Neglected Tropical Disease Control, and Geneva Global), school directors, laboratory 
technicians and nurses that have made this work possible. 
Funding 
The reported monitoring and evaluation programme was financially supported by Geneva Global 
and the Global Network for Neglected Tropical Diseases (GNTD) in collaboration with the 
Sabine Institute, and by the Schistosomiasis Control Initiative, which provided also technical 
assistance.  
Availability of data and materials 
According to institutional agreements with the Ministry of Health in Burundi, full datasets can be 
shared upon the Ministry of Health’s permission. Therefore, the full dataset cannot be shared at 
this stage. 
Competing interests 
All authors declare that they do not have competing interests. 
Authors’ contributions 
MA and RJSM conceived and designed the study; GO and the SCI team executed the study and 
coordinated the field work; GO supervised the data collection; MA and RJSM collated the data 
from all studies, cleaned them and started the data analysis; MA analysed the data; RJSM 
supervised the data analysis; MA wrote the first draft of the manuscript; GO, RJSM, MGB, CL, 
KH, AC and AF reviewed the manuscript critically and contributed intellectual input; MA and 
MGB prepared the final draft; all authors read and approved the final version of the manuscript.  
  296 
 
 
References  
1. Kassebaum NJ. The Global Burden of Anemia. Hematology/Oncology Clinics of North 
America. 2016;30(2):247-308. 
2. Brooks-Gunn J, Duncan GJ. The Effects of Poverty on Children. The Future of Children. 
1997;7(2):55-71. 
3. Assoum M. The Effects of Helminth Infections on Child Physical and Cognitive 
Development: An Integrated Pathophysiological and Socioeconomic Approach. Advances in 
Life Science and Medicine. 2015;01(01):01-23. 
4. Beasley NM, Tomkins AM, Hall A, Kihamia CM, Lorri W, Nduma B, et al. The impact 
of population level deworming on the haemoglobin levels of schoolchildren in Tanga, Tanzania. 
Tropical medicine & international health : TM & IH. 1999;4(11):744-50. 
5. Brooker S, Hotez PJ, Bundy DA. Hookworm-related anaemia among pregnant women: a 
systematic review. PLoS neglected tropical diseases. 2008;2(9):e291. 
6. Green HK, Sousa-Figueiredo JC, Basanez MG, Betson M, Kabatereine NB, Fenwick A, 
et al. Anaemia in Ugandan preschool-aged children: the relative contribution of intestinal 
parasites and malaria. Parasitology. 2011;138(12):1534-45. 
7. Brooker S, Peshu N, Warn PA, Mosobo M, Guyatt HL, Marsh K, et al. The epidemiology 
of hookworm infection and its contribution to anaemia among pre-school children on the Kenyan 
coast. Trans R Soc Trop Med Hyg. 1999;93(3):240-6. 
  297 
8. Koukounari A, Estambale BB, Njagi JK, Cundill B, Ajanga A, Crudder C, et al. 
Relationships between anaemia and parasitic infections in Kenyan schoolchildren: a Bayesian 
hierarchical modelling approach. Int J Parasitol. 2008;38(14):1663-71. 
9. Brooker S, Clements ACA, Bundy DAP. Global epidemiology, ecology and control of 
soil-transmitted helminth infections. Advances in Parasitology, Vol 62. 2006;62:221-61. 
10. Cundill B, Alexander N, Bethony JM, Diemert D, Pullan RL, Brooker S. Rates and 
intensity of re-infection with human helminths after treatment and the influence of individual, 
household, and environmental factors in a Brazilian community. Parasitology. 
2011;138(11):1406-16. 
11. Mupfasoni D, Karibushi B, Koukounari A, Ruberanziza E, Kaberuka T, Kramer MH, et 
al. Polyparasite helminth infections and their association to anaemia and undernutrition in 
Northern Rwanda. PLoS neglected tropical diseases. 2009;3(9). 
12. Ajanga A, Lwambo NJ, Blair L, Nyandindi U, Fenwick A, Brooker S. Schistosoma 
mansoni in pregnancy and associations with anaemia in northwest Tanzania. Trans R Soc Trop 
Med Hyg. 2006;100(1):59-63. 
13. Brooker S, Jardim-Botelho A, Quinnell RJ, Geiger SM, Caldas IR, Fleming F, et al. Age-
related changes in hookworm infection, anaemia and iron deficiency in an area of high Necator 
americanus hookworm transmission in south-eastern Brazil. Trans R Soc Trop Med Hyg. 
2007;101(2):146-54. 
14. Clements ACA, Deville MA, Ndayishimiye O, Brooker S, Fenwick A. Spatial co-
distribution of neglected tropical diseases in the East African Great Lakes region: revisiting the 
justification for integrated control. Tropical Medicine & International Health. 2010;15(2):198-
207. 
  298 
15. Guyatt HL, Brooker S, Peshu N, Shulman CE. Hookworm and anaemia prevalence. 
Lancet. 2000;356(9247):2101. 
16. Ndyomugyenyi R, Kabatereine N, Olsen A, Magnussen P. Malaria and hookworm 
infections in relation to haemoglobin and serum ferritin levels in pregnancy in Masindi district, 
western Uganda. Trans R Soc Trop Med Hyg. 2008;102(2):130-6. 
17. Hall A, Bobrow E, Brooker S, Jukes M, Nokes K, Lambo J, et al. Anaemia in 
schoolchildren in eight countries in Africa and Asia. Public Health Nutr. 2001;4(3):749-56. 
18. Lwambo NJ, Brooker S, Siza JE, Bundy DA, Guyatt H. Age patterns in stunting and 
anaemia in African schoolchildren: a cross-sectional study in Tanzania. Eur J Clin Nutr. 
2000;54(1):36-40. 
19. Smith JL, Brooker S. Impact of hookworm infection and deworming on anaemia in non-
pregnant populations: a systematic review. Tropical medicine & international health : TM & IH. 
2010;15(7):776-95. 
20. World Health Organization. Preventive chemotherapy in human helminthiasis. 
Coordinated use of anthelminthic drugs in control interventions: a manual for health 
professionals and programme managers. Geneva: World Health Organization; 2006. 
21. Hall A, Hewitt G, Tuffrey V, De Silva N. A review and meta-analysis of the impact of 
intestinal worms on child growth and nutrition. Maternal & Child Nutrition. 2008;4:118-236. 
22. Leroy JL, Olney D, Ruel M. Tubaramure, a Food-Assisted Integrated Health and 
Nutrition Program in Burundi, Increases Maternal and Child Hemoglobin Concentrations and 
Reduces Anemia: A Theory-Based Cluster-Randomized Controlled Intervention Trial. The 
Journal of nutrition. 2016;146(8):1601. 
  299 
23. Fenwick A, Webster JP, Bosque-Oliva E, Blair L, Fleming FM, Zhang Y, et al. The 
Schistosomiasis Control Initiative (SCI): rationale, development and implementation from 2002-
2008. Parasitology. 2009;136(13):1719-30. 
24. Ortu G, Assoum M, Wittmann U, Knowles S, Clements M, Ndayishimiye O, et al. The 
impact of an 8-year mass drug administration programme on prevalence, intensity and co-
infections of soil-transmitted helminthiases in Burundi. Parasites & vectors. 2016;9(1):513. 
25. Assoum M, Ortu G, Basáñez M-G, Lau C, Clements ACA, Halton K, et al. 
Spatiotemporal distribution and population at risk of soil-transmitted helminth infections 
following an eight-year school-based deworming programme in Burundi, 2007–2014. Parasites 
& vectors. 2017;10(1):583. 
26. Soares Magalhães RJ, Clements ACA. Mapping the Risk of Anaemia in Preschool-Age 
Children: The Contribution of Malnutrition, Malaria, and Helminth Infections in West Africa. 
PLOS Medicine. 2011;8(6):e1000438. 
27. Magalhães RJS BA, Clements ACA. . Geographical analysis of the role of water supply 
and sanitation in the risk of helminth infections of children in West Africa. . Proceedings of the 
National Academy of Sciences of the United States of America. Magalhães RJS, Barnett AG, 
Clements ACA. Geographical analysis of the role of water supply and sanitation in the risk of 
helminth infections of children in West Africa. Proceedings of the National Academy of 
Sciences of the United States of America. 2011;108(50):20084-9.;108(50):20084-9. 
28. Ndayishimiye O, Ortu G, Soares Magalhaes RJ, Clements A, Willems J, Whitton J, et al. 
Control of neglected tropical diseases in Burundi: partnerships, achievements, challenges, and 
lessons learned after four years of programme implementation. PLoS neglected tropical diseases. 
2014;8(5):e2684. 
  300 
29. HemoCue. HemoCue Hb 201+ Method and sample collection. In: APPN, editor. 2015. 
30. Lovibond. L ovibond® AF353 Blood Haemo globin kit Simple and cost eff ective. In: 
Lovibond, editor. 2007. 
31. World Health Organization. Haemoglobin concentrations for the diagnosis of anaemia 
and assessment of severity. In: System. VaMNI, editor. Geneva: World Health Organization,; 
2014. 
32. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods 
of clinical measurement. Lancet. 1986;1(8476):307-10. 
33. World Health Organization. Iron deficiency anaemia: assessment, prevention and control. 
A guide for programme managers. 2001; WHO/NHD/01.3. Available: 
http://www.who.int/nutrition/publications/micronutrients/anaemia_iron_deficiency/WHO_NHD
_01.3/en/ (accessed 30 May 2018). 
34. World Health Organization. WHO AnthroPlus for personal computers Manual: Software 
for assessing growth of the world's children and adolescents. Geneva2009. 
35. Guerra CA, Hay SI, Lucioparedes LS, Gikandi PW, Tatem AJ, Noor AM, et al. 
Assembling a global database of malaria parasite prevalence for the Malaria Atlas Project. 
Malaria journal. 2007;6:17. 
36. Hay SI, Snow RW. The Malaria Atlas Project: Developing Global Maps of Malaria Risk 
(Health in Action). PLoS Medicine. 2006;3(12):e473. 
37. Nations FaAOotU.  [Available from: http://www.fao.org/geonetwork/srv/en/main.home/ 
(accessed 3 February 2018) 
38. University EIaC.  [Available from: http://sedac.ciesin.columbia.edu/gpw/global.jsp/ 
(accessed 15 March 2018) 
  301 
39. Diebold FX, Mariano RS. Comparing Predictive Accuracy. Journal of Business & 
Economic Statistics. 1995;13(3):253-63. 
40. Hoofnagle K, Rothe D. Overlooked and Overshadowed: The Case of Burundi. The 
official Journal of the ASC Division on Critical Criminology and the ACJS Section on Critical 
Criminology. 2010;18(3):169-89. 
41. Schneider J. Lessons from Burundi's unrest. New African. 2015(551):36-8. 
42. Brooker S, Clements A, Bundy D. Global epidemiology, ecology and control of soil-
transmitted helminth infections. Adv Parasitol. 2006;62:221 - 61. 
43. Pullan R, Brooker S. The global limits and population at risk of soil-transmitted helminth 
infections in 2010. Parasites & Vectors. 2012;5(1):81. 
44. Walker M, Hall A, Basáñez M-G. Chapter 7 - Ascaris lumbricoides: New 
Epidemiological Insights and Mathematical Approaches A2 - Holland, Celia.  Ascaris: The 
Neglected Parasite. Amsterdam: Elsevier; 2013. p. 155-201. 
45. Supali T, Djuardi Y, Bradley M, Noordin R, Rückert P, Fischer PU. Impact of six rounds 
of mass drug administration on Brugian filariasis and soil-transmitted helminth infections in 
eastern Indonesia. PLoS neglected tropical diseases. 2013;7(12):e2586. 
46. Bundy D, Cooper E. Trichurisand trichuriasis in humans. Adv Parasitol. 1989;28:107  
47. Hotez  PJ, Brooker  S, Bethony  JM, Bottazzi  ME, Loukas  A, Xiao  S. Hookworm 
Infection. New England Journal of Medicine. 2004;351(8):799-807. 
48. Kabatereine NB, Kemijumbi J, Ouma JH, Kariuki HC, Richter J, Kadzo H, et al. 
Epidemiology and morbidity of Schistosoma mansoni infection in a fishing community along 
Lake Albert in Uganda. Trans R Soc Trop Med Hyg. 2004;98(12):711-8. 
  302 
49. Elliott, A.M., et al., The impact of helminths on the response to immunization and on the 
incidence of infection and disease in childhood in Uganda: design of a randomized, double-blind, 
placebo-controlled, factorial trial of deworming interventions delivered in pregnancy and early 
childhood [ISRCTN32849447]. Clin Trials, 2007. 4(1): p. 42-57. 
50. Ong, K.I.C., et al., Systematic review of the clinical manifestations of glucose-6-
phosphate dehydrogenase deficiency in the Greater Mekong Subregion: implications for malaria 
elimination and beyond. BMJ global health, 2017. 2(3): p. e000415-e000415. 
51. Holland CV, O'Shea E, Asaolu SO, Turley O, Crompton DWT. A Cost-Effectiveness 
Analysis of Anthelminthic Intervention for Community Control of Soil-Transmitted Helminth 
Infection: Levamisole and Ascaris lumbricoides. The Journal of parasitology. 1996;82(4):527 
52. Larocque R, Casapia M, Gotuzzo E, Gyorkos TW. Relationship between intensity of soil-
transmitted helminth infections and anemia during pregnancy. American Journal of Tropical 
Medicine and Hygiene. 2005;73(4):783. 
 303 
 
Annex 
 
Semivariograms and maps for the standard deviation of the prevalence of anaemia and of 
anaemia severity in school-aged children in Burundi, 2008–2011, and tables with the predicted 
number of school-aged children with anaemia or in anaemia severity classes. 
 
 
Figure S7. 1: Semivariograms for the prevalence of anaemia in Burundi, 2008–2011
 
The y-axis represents the semivariance and the x-axis the distance (in decimal degrees). (a) 
2008, (b) 2009, (c) 20010, (d) 2011. 
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Figure S7. 2:Semivariograms for the prevalence of low-severity anaemia in Burundi, 2008–2011.
 
The y-axis represents the semivariance and the x-axis the distance (in decimal degrees). (a) 
2008, (b) 2009, (c) 20010, (d) 2011. 
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Figure S7. 3: Semivariograms for the prevalence of moderate/high-severity anaemia in Burundi, 2008–2011. 
 
 
 
The y-axis represents the semivariance and the x-axis the distance (in decimal degrees). (a) 
2008, (b) 2009, (c) 20010, (d) 2011. 
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Table S7. 1: Results of semivariogram parameters for the prevalence of anaemia, and the prevalence of 
anaemia severity in Burundi per year, 2008–2011. 
 
Year Raw 
anaemia 
Anaemia 
residuals 
Low severity Moderate/high 
severity 
2008 
Spatial 
autocorrelation 
None Trended Clustered Clustered 
Nugget 0.0712379 0.00469545 0 0 
Sill 0 0.008014904 0.008307482 0.01295277 
Range 1.180104 0.9034204 0.5694854 0.3049023 
2009 
Spatial 
autocorrelation 
Trended Trended Trended Trended 
Nugget 0.015418361 0.001782568 0.001611758 0 
Sill 0.002902369 0.010901082 0.004095228 0.006998316 
Range 0.9312157 1.198152 1.798028 0.8986704 
2010 
Spatial 
autocorrelation 
Trended Trended Clustered Trended 
Nugget 0 0.01044786 0 0.01955982 
Sill 0.1884992 0.18751196 0.02849971 0.07767505 
Range 0.8221483 0.9977894 0.2618964 1.135447 
2011 
Spatial 
autocorrelation 
None Trended Trended  Trended 
Nugget 0.02082441 0 0 0 
Sill 0 0.009436121 0.005866115 0.00221214 
Range 0.96954 1.198615 1.797464 0.8987203 
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Figure S7.4 Bernoulli model used for predictive mapping of the prevalence of anaemia: 
#MODEL 
 
model { 
 
for (i in 1:N) {  
Anm[i] ~ dbern(p[i]) 
logit(p[i])<-
beta[1]+beta[2]*time2[i]+beta[3]*time3[i]+beta[4]*time4[i]+beta[5]*time5[i]+beta[6]*age2[i]+beta[7]
*age3[i]+beta[8]*sexbin[i]+V[loc[i]]+theta[loc[i]] 
} 
 
for (i in 1:P) { 
V[i]<-beta[9]*malstd[i]+beta[10]*hk[i]+beta[11]*tric[i] + beta[12]*asc[i]  
mu[i]<-0 
} 
 
theta[1:P]~spatial.exp(mu[],x[],y[],tau,phi,1) 
 
for (i in 1:12) {beta[i]~dnorm(0,0.01)} 
 
tau~dgamma(0.001,0.005) 
sigma<-1/tau 
 
phi~dunif(0.0001,500) 
phi.inv<-1/phi 
 
 
#2. model above extrapolated to locations where outcome not observed:   
  
 
for(j in 1:M) { 
Anm.pr[j] ~ dbern(p.pr[j]) 
logit(p.pr[j]) <- beta[1] + beta[2] + beta[6] + beta[9]*mal.pr[j] + beta[10]*hk.pr[j] + 
beta[12]*asc.pr[j] + beta[11]*tric.pr[j] + theta.pr[j] 
theta.pr[j]~spatial.unipred(mu.pr[j], x.pr[j], y.pr[j], theta[]) 
mu.pr[j]<-0 
} 
 
} 
#Data 
#list(N=40468, P=31) 
list(N=40468, P=31, M=3511) 
 
#Inits 
list(beta=c(0,0,0,0,0,0,0,0,0,0,0,0), tau=1, phi=7, theta=c(1,1,-2,1,-1,-2,1,-1,-1,-1,2,0,2,2,-2,1,-2,-2,-
1,0,0,-1,2,2,2,1,-2,-2,-1,1,-2), theta.pr=c(1,-1,1,1,1,2,2,1,0,2,2,1,1,-1,-1,1,1,-1,1,-2,-1,2,-1,-1,1,1,2,-1,-
1,0,1,-1,-2,-1,2,1,-2,1,0,-2,-1,-2,2,-2,1,2,-1,-1,-1,1,0,1,0,-2,0,1,0,-2,-2,2,2,-1,0,-2,-2,2,-1,-1,-1,-1,0,-
2,2,-1,-2,0,1,-2,-2,1,1,-2,-1,0,-1,0,1,2,2,1,-2,1,1,-2,0,-1,-2,1,0,2,-2,2,1,2,2,1,2,2,0,-1,-1,-1,-2,2,0,1,0,-
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2,0,-1,-2,-2,-2,0,-2,-1,1,0,-1,-1,1,0,-2,-2,-2,0,-1,2,0,-2,1,0,-1,2,2,-2,1,-1,0,1,-1,-1,-1,0,0,1,-2,-1,-
2,1,2,0,0,2,2,-2,0,0,2,-1,1,-1,2,-2,1,2,1,-1,-1,-2,-1,1,0,1,-1,2,0,2,0,0,2,-1,0,1,-1,2,0,0,2,2,1,-2,1,-1,-2,-
1,-1,1,-1,-2,-1,0,1,0,2,-1,2,-2,-2,1,0,-2,-1,2,2,1,0,-2,1,0,1,1,1,0,-2,-2,0,1,-2,-1,-2,1,0,0,1,-1,1,-2,-1,-
1,0,0,2,-2,0,-2,-1,0,-2,0,1,2,1,0,0,-2,2,-1,0,2,-1,0,1,-1,-1,1,2,0,-1,1,2,-1,2,2,2,-1,0,-2,0,-1,-1,1,-1,0,1,-
2,1,1,-2,-1,0,-2,1,0,0,-2,-2,-2,-1,-2,1,-1,2,1,1,1,-1,1,-1,0,-2,1,-1,1,1,-2,-2,-2,1,0,-2,2,0,2,0,-1,-
1,0,0,1,0,1,-1,2,-2,1,-2,2,-2,-2,-2,-2,-1,2,0,2,1,-2,2,-2,0,2,2,1,1,2,2,1,1,-2,2,0,-2,0,-2,2,-1,-1,-2,-1,-1,-1,-
1,2,0,-2,0,1,-2,2,-2,2,1,2,-2,2,0,-1,1,1,-1,1,0,-2,1,0,2,1,1,2,1,0,0,-1,-1,-1,1,1,-2,-1,-2,-2,-1,2,1,1,-2,-
2,0,-1,-2,0,-1,2,1,-2,-2,-1,0,2,2,-1,2,2,-1,-1,0,2,1,1,-2,1,2,0,0,0,2,0,2,-1,2,2,1,2,2,2,-2,-1,1,-2,-1,-2,-
2,2,1,1,2,-1,0,1,1,-1,-1,-1,-2,-1,1,-1,1,0,1,-1,0,1,2,1,1,-2,-1,-1,-2,-1,2,-2,-1,-1,0,-2,-2,0,-2,1,1,0,1,1,-1,-
2,-1,-2,1,-2,0,0,-1,-1,-1,1,2,-1,2,-2,-2,0,-2,2,1,2,2,-2,-2,-2,2,-1,2,2,-2,-2,1,1,-1,2,-2,2,-2,-2,0,0,-2,-
1,1,2,0,-1,2,-2,-1,0,0,-1,0,-1,-1,-2,2,-1,0,1,-1,2,1,-1,1,-1,2,2,1,0,1,1,2,-2,-2,-2,1,-1,2,0,-1,0,-1,0,0,2,-
1,2,1,1,0,0,-2,1,0,2,-2,0,0,-1,1,-2,-1,1,-1,0,-2,-1,0,0,-2,1,2,-2,0,-1,-1,1,-1,-1,2,2,-1,-1,0,1,2,-2,1,-2,-
2,0,2,1,1,2,2,-1,-1,1,2,2,-2,0,-1,1,-1,-1,-1,2,1,-2,0,0,2,1,-2,2,2,-1,0,-1,-2,1,-1,1,2,2,1,-1,1,2,-2,-1,1,-
1,2,-1,-1,0,2,-2,2,-2,0,0,-2,-1,0,1,2,-1,-2,0,-2,1,2,1,2,-1,-2,-1,1,2,2,2,-1,0,1,1,0,2,0,-2,-2,-1,0,-1,0,2,-
1,1,1,-1,0,0,0,2,1,-2,-2,1,2,2,-1,2,2,1,-2,2,2,0,-1,1,0,2,-1,0,-1,-2,1,-2,-2,1,2,1,1,-2,2,-2,-2,-1,0,-2,1,2,1,-
2,-2,1,-2,-1,-2,0,1,-1,-2,1,1,0,-1,-1,2,-2,2,0,0,-1,-1,2,0,0,2,2,-2,1,-1,2,0,2,1,2,-2,0,1,0,0,-2,-2,-
2,1,0,1,0,-2,2,-2,1,-2,1,-2,-2,0,1,2,2,-1,-1,-2,2,2,0,1,-2,0,-1,-1,0,2,-1,0,-1,0,2,1,2,2,0,2,2,2,-1,1,-1,1,-
1,0,-1,-1,-1,1,-2,-1,0,-2,2,-1,0,2,-1,-1,-2,-1,2,-1,1,-2,1,-2,1,0,-1,-2,0,-2,-2,1,1,0,-1,2,-1,-1,1,0,-1,-1,1,0,-
1,-1,2,-1,1,-1,-2,-1,-2,2,-1,-1,2,0,2,-2,2,-1,1,-1,0,-1,-2,-2,0,-2,2,2,0,0,2,0,-1,2,2,-1,-2,-1,-1,0,-1,-1,1,-
2,2,2,2,-1,1,2,2,-1,0,2,2,1,-1,-2,0,1,-1,1,0,0,0,0,-1,-2,2,2,0,-1,1,0,1,-2,2,2,0,0,-2,0,-1,1,2,2,-1,-1,2,2,1,-
2,2,-1,1,-1,1,2,-2,0,2,1,2,-1,-1,-2,2,1,-2,2,2,1,-2,-2,-1,1,1,1,2,2,1,0,0,2,-2,1,0,0,2,-2,2,1,-2,-1,-2,0,1,-
1,2,-1,0,2,-1,0,-1,1,0,2,-1,-1,1,1,-1,1,-2,-1,-1,2,-2,1,-2,2,0,2,2,1,1,0,0,2,-1,-1,-1,2,1,2,0,-2,2,2,0,-2,-
1,1,-1,-2,0,0,0,-1,1,0,-1,1,2,2,0,1,2,-2,-1,-2,-2,-2,-1,-2,1,-2,1,2,2,-2,0,-1,2,1,1,0,-2,-1,-2,1,1,1,-1,1,2,-
2,1,0,1,0,1,-2,0,2,-1,0,1,-1,1,-2,-2,-1,2,-1,1,-1,2,2,-1,-1,-2,0,1,-2,0,1,2,1,-2,-2,0,2,0,1,1,2,-1,0,-2,-1,0,-
2,2,1,2,-1,2,1,1,2,-1,2,0,0,1,-2,1,2,2,-1,1,0,2,1,-1,0,2,1,-1,1,-1,0,-2,2,-1,2,-2,0,-2,1,-1,2,-1,-1,0,-1,0,-
1,0,1,2,2,0,2,0,-2,-1,0,1,-1,2,-2,-2,-2,-2,2,2,-2,0,-2,1,2,-1,-2,2,-1,0,-2,2,1,-1,-1,-2,-2,2,-2,1,2,-1,0,1,-
2,0,2,-2,-1,1,-1,-2,1,0,-1,-2,-2,-1,2,-1,0,-1,2,-1,2,2,-1,-1,-1,2,-2,0,2,1,1,1,1,-2,-1,0,-1,1,2,-1,-1,2,-2,-1,-
2,-2,1,2,2,-1,0,-1,-2,-2,0,0,-2,0,-1,-1,-1,1,-2,0,-2,-1,0,-1,1,2,1,0,0,2,-2,1,2,0,1,0,-2,-1,-2,-1,0,1,-1,2,-
1,0,0,-1,-2,-2,-1,1,-1,2,-1,-2,1,2,2,-1,0,-1,2,2,1,-1,2,-1,-2,0,1,0,-1,-1,2,1,-1,1,0,0,1,0,2,2,2,0,2,-2,2,-1,-
1,-1,2,-1,1,-2,1,-1,-1,0,2,1,1,2,0,0,0,0,1,1,2,-1,0,0,-2,-2,0,1,1,-2,2,0,0,-1,2,-1,-2,-1,2,0,-1,-2,0,2,1,1,1,-
2,0,-1,2,-1,0,2,-1,0,2,0,1,2,-2,1,-2,0,-2,0,2,-1,-1,1,-2,-1,2,-2,-1,-1,2,1,-1,-2,-2,1,-1,1,-2,-1,-1,0,0,2,-1,1,-
2,0,0,-1,2,-2,1,0,1,-2,-1,-1,1,2,-2,2,-2,1,1,-2,-2,-1,1,-2,-2,1,1,-2,1,0,-2,0,0,-2,2,0,-2,1,2,1,-
1,2,2,1,1,0,1,0,2,-1,-2,-2,-2,2,-1,0,-2,2,-2,0,2,1,-2,2,1,-2,-1,0,0,1,0,-1,-1,0,1,-2,-2,-1,2,1,0,1,-
1,1,2,1,2,0,-1,1,1,-1,0,-1,-1,1,2,-1,-1,-1,0,-1,0,2,1,0,-2,1,1,-2,1,-1,-1,2,-2,-1,2,1,2,0,0,0,2,2,-1,-1,-2,-2,-
2,2,-1,-1,-2,-2,-1,-2,0,2,-2,0,-2,0,0,-2,-1,-2,2,0,-2,0,-1,-1,1,-1,2,1,0,-1,1,-1,-2,1,0,2,-1,-2,2,-2,1,2,2,1,0,-
2,1,1,1,-2,0,1,-2,-1,-2,0,2,-2,-2,0,0,0,0,0,-1,2,-1,-2,-2,2,2,1,0,1,-2,-1,2,-2,-2,2,1,0,-1,-2,-2,-1,-2,2,0,-
2,1,-2,0,1,-1,1,-1,-1,1,0,-2,-2,0,-2,0,1,0,2,0,0,-1,-1,-1,-2,1,-1,0,1,0,1,-2,-1,-1,-2,0,1,0,1,2,-1,1,-
1,0,2,0,0,2,2,1,1,1,-1,0,-2,2,-2,-2,2,-1,1,1,-2,1,2,-2,-2,2,1,-1,-2,1,-1,1,-2,1,-2,0,-1,1,2,-1,-2,0,0,2,1,0,1,-
2,-1,0,1,-1,-2,0,1,-1,-1,1,1,-2,-1,-1,2,2,-2,-1,0,0,1,2,-1,-2,1,2,-1,0,-1,2,2,-1,1,0,-1,1,1,0,0,1,1,-
1,0,2,0,0,-1,0,0,2,0,-1,-2,-2,1,-1,2,-2,1,-1,2,2,-1,1,2,2,-1,-2,-1,2,-1,1,-1,-2,2,-1,1,-1,0,0,2,2,2,2,-1,0,0,-
2,-2,-2,1,-2,-1,1,2,0,-2,0,2,1,1,-2,0,-2,-1,1,2,-1,-2,2,1,1,2,1,0,2,2,-2,0,2,0,2,1,-2,0,1,0,-2,-1,2,0,-
2,0,0,0,0,2,0,0,-2,2,0,1,0,1,-2,2,0,1,0,-1,1,-2,0,1,1,0,0,-2,1,-1,1,-2,-1,-1,2,-2,-2,0,2,-1,-1,-1,-2,2,1,1,0,-
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1,0,-2,-2,0,0,2,0,-1,0,0,2,-2,-1,-1,1,-2,1,2,1,0,-1,2,-1,2,0,-1,-1,2,0,-2,2,0,1,1,-2,1,0,1,2,2,1,-2,0,-1,0,-1,-
1,-1,0,-2,1,-1,-2,2,0,1,-1,0,2,0,2,-1,0,-1,0,2,-1,-1,-2,1,0,-1,-1,1,0,1,-1,-1,-2,0,-1,1,1,2,-1,2,1,1,0,2,-1,0,-
1,-1,-1,1,-2,2,0,2,-2,1,-1,-1,-1,0,-2,-2,-2,1,2,-1,2,-1,2,1,-2,0,0,-2,0,2,2,-2,0,0,1,1,-1,2,-2,0,-1,-1,2,0,-
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1,2,-2,-2,-2,-2,-2,1,1,1,-2,-1,1,0,2,1,0,-1,-2,-1,1,-1,-1,2,2,-2,2,1,-2,0,-1,2,-2,2,2,-1,-2,1,-2,1,-2,-1,0,0,-
2,-2,0,2,2,-1,2,-2,1,-2,1,-1,-1,2,-2,2,0,0,0,0,0,2,0,-1,-1,2,1,-2,2,-1,-2,1,1,0,-2,1,0,-2,1,1,1,0,1,2,-2,-1,-
2,-2,-2,0,1,-2,2,-1,0,-2,1,-1,-1,2,0,0,1,1,2,1,-1,0,1,-1,-2,2,-2,0,0,-2,0,0,-1,-2,-1,-1,2,2,-2,-2,-1,0,0,-1,-
1,2,-2,0,-1,1,-2,-2,0,1,2,2,1,2,2,-2,-1,-1,0,2,1,2,1,-1,0,-1,1,1,0,-2,-2,2,2,0,2,2,0,2,2,-2,1,-2,-1,1,-2,-2,-
2,-2,1,0,2,-2,1,0,-2,-2,0,-1,2,2,2,-1,-1,-2,-2,0,0,1,1,-2,-2,1,1,-2,1,0,-1,-2,1,2,0,-1,2,-2,1,-1,-2,1,-1,-2,-
1,2,-1,2,2,-1,1,1,-2,-1,-1,-2,2,-2,0,-2,-2,2,-2,2,2,1,-1,-1,-1,-1,-2,2,0,0,-1,0,-1,-1,2,-2,2,1,-2,1,-2,-1,1,-
1,1,2,1,-1,-2,-2,-1,-2,2,-1,0,2,1,0,-1,1,0,-2,-1,2,-1,1,2,1,-2,-1,-1,0,-2,-1,0,0,1,0,2,0,-2,-2,2,0,1,-
1,0,2,2,2,1,-1,0,-2,1,2,-2,1,2,0,-1,0,-2,2,2,-2,-1,0,1,1,2,-2,0,1,-1,-2,-1,-1,-2,0,-1,1,1,2,-1,2,0,2,-2,0,-1,-
2,2,-1,-1,-1,-1,1,2,-1,2,0,1,-1,2,0,2,-2,1,1,1,2,-1,0,-1,0,1,1,-2,1,1,-2,1,-2,-1,0,0,1,0,-1,2,1,-1,2,0,-
2,1,0,0,-1,0,0,-2,2,1,1,2,-2,0,1,1,-2,2,2,2,0,-2,2,-1,-1,1,-1,2,-2,-2,1,-1,-2,-2,2,-2,1,0,1,0,2,-2,0,0,-
2,2,0,1,0,1,0,-1,-2,-2,2,-1,2,2,0,-1,2,2,2,0,-2,0,-2,0,0,-2,-1,-2,0,1,2,1,2,1,2,-2,1,2,2,1,2,-1,1,0,-1,2,-
2,0,1,1,2,-2,2,1,2,-1,-2,2,-2,0,-1,-2,1,1,0,-1,1,0,-1,0,2,0,2,2,1,2,-1,1,-1,-2,1,-2,0,-1,-1,2,-2,2,2,1,-
2,0,0,2,2,1,-2,-2,-1,-1,-1,-2,-1,-1,1,-2,2,2,-1,-2,0,-2,2,0,-2,-2,1,0,0,-2,2,1,-1,-1,-2,1,-1,1,1,-1,2,-2,2,-
1,2,-1,0,-2,-2,-2,-2,2,-1,-1,2,2,-1,-1,0,0,-1,-2,1,-2,-2,0,2,-2,0,-2,0,-2,2,0,2,-1,-1,0,1,0,-2,-2,0,1,-2,-
2,2,1,-2,2,2,-1,-2,-2,-1,0,-2,1,1,0,2,-2,-1,-2,-2,0,2,0,0,1,2,-1,2,1,-1,2,-2,1,-1,0,-2,2,0,-1,-1,0,0,0,-1,-
1,0,0,2,1,1,2,1,0,1,2,2,-2,-1,-2,-2,-1,0,-2,0,2,-2,2,1,1,2,2,2,-1,0,-1,0,-2,2,0,0,2,0,-2,-1,1,1,-2,-1,-2,1,-1,-
1,0,0,-1,0,-1,-2,1,-2,2,-2,-2,-2,-1,0,1,-1,0,2,1,-2,-2,2,1,-1,-2,-2,-1,0,2,0,0,-2,2,1,-1,1,-1,-1,1,2,-1,-2,2,0,-
2,2,0,-2,1,-1,0,0,-2,1,1,0,2,0,0,-1,1,-2,-1,0,-1,-1,-2,2,-2,2,1,-1,2,1,0,-2,1,2,1,1,0,2,0,-2,-1,1,1,2,-2,-1,-
2,1,1,2,1,-2,2,1,-1,-1,-2,0,-2,0,0,-2,2,1,2,-1,2,-1,-1,1,0,1,0,1,2,2,-1,1,0,-1,1,2,0,-2,1,2,0,0,-1,0,2,-2,0,2,-
2,-1,2,1,-1,-2,0,0,-2,2,-2,-1,-2,-2,2,-1,1,-1,1,2,-1,0,1,2,2,1,-2,1,-2,-1,1,-2,-2,0,0,2,2,-2,-1,2,1,-1,-2,-2,-
1,0,-2,2,0,1,1,1,-1,0,1,0,0,0,-2,1,1,0,1,-2,-2,0,-2,-1,1,-2,-2,-2,-1,-2,-2,-1,-1,0,1,2,-1,-
2,0,0,0,1,1,0,0,0,0,-1,-1,2,-1,2,1,1,2,-1,1,2,-1,-1,-2,2,1,1,0,-2,2,2,2,-2,0,1,2,0,0,1,-1,-1,2,-1,-1,-2,1,2,0,-
1,1,1,0,2,-1,2,-1,-2,1,0,1,-2,-2,1,2,-2,1,-1,2,0,2,1,0,1,0,-1,-2,2,0,1,0,-1,-2,-1,1,-1,-2,-2,0,0,0,2,-1,-1,1,-
1,-2,2,-2,-1,2,1,-1,-1,-1,1,2,-1,1,-2,1,-1,-1,-1,2,-1,-1,0,1,0,0,2,-1,-2,-2,1,2,-1,2,-2,-1,-2,2,-2,1,0,1,2,2,-
1,2,2,0,-1,0,-1,1,-1,2,-2,2,2,1,2,0,1,1,2,-1,-2,-1,-2,-1,1,0,-2,-1,-1,0,-1,2,-1,-1,-1,0,-2,1,1,0,2,-2,2,-2,1,-
1,-1,-2,2,-1,1,1)) 
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Figure S7. 5: Standard deviation maps of anaemia prevalence per year in Burundi, 2008–2011. 
 
 
The intensity of the colour represents the magnitude of the standard deviation (see 
accompanying legend) for the proportion of school-aged children with anaemia (see Table 1 
of main text for classification of anaemia according to the World Health Organization [1]). 
The pale blue colour depicts the location Lake Tanganyika. (a) 2008, (b) 2009, (c) 20010, (d) 
2011. 
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Figure S7. 6: Standard deviation maps for the prevalence of low-severity anaemia per year in Burundi, 2008–
2011.
 
 
The intensity of the colour represents the magnitude of the standard deviation (see 
accompanying legend) for the proportion of school-aged children with low-severity anaemia 
(see Table 1 of main text for classification of anaemia and anaemia severity categories 
according to the World Health Organization [1]). The pale blue colour depicts the location of 
Lake Tanganyika. (a) 2008, (b) 2009, (c) 20010, (d) 2011. 
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Figure S7. 7: Standard deviation maps for the prevalence of moderate/high-severity anaemia per year in 
Burundi, 2008–2011. 
 
 
 
 
The intensity of the colour represents the magnitude of the standard deviation (see 
accompanying legend) for the proportion of school-aged children with moderate- and high-
severity anaemia (see Table 1 of main text for classification of anaemia and anaemia severity 
categories according to the World Health Organization [1]). The pale blue colour depicts the 
location of Lake Tanganyika. (a) 2008, (b) 2009, (c) 20010, (d) 2011. 
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Table S7. 2: Estimated number of anaemic school-aged children per district in Burundi, 2008–2011. 
 
Number of anaemic school-aged children 
District 2008 2009 2010 2011 
Bubanza 8,504 5,051 8,922 4,005 
Buhiga 14,101 9,478 15,893 7,734 
Bururi 5,463 3,239 6,235 2,408 
Busoni 9,064 6,152 9,492 5,215 
Butezi 8,963 6,181 9,520 4,573 
Buye 10,549 7,054 11,072 5,487 
Cankuzo 6,562 4,584 6,786 3,764 
Cibitoke 8,885 5,056 8,284 3,833 
Fota 9,287 6,362 11,182 5,409 
Gahombo 9,068 5,892 9,977 4,521 
Gashoho 8,902 6,350 9,335 5,235 
Gihofi 7,927 5,265 8,203 3,911 
Gitega 14,474 10,046 16,612 7,811 
Giteranyi 12,955 9,016 13,510 7,492 
Isale 15,231 9,206 15,374 7,065 
Kabezi 9,441 6,101 10,000 5,128 
Kayanza 13,638 8,346 15,979 7,032 
Kibumbu 9,603 6,707 11,582 5,509 
Kibuye 13,285 8,900 15,350 6,821 
Kiganda 8,704 5,726 10,219 4,523 
Kinyinya 9,294 6,674 9,254 5,084 
Kiremba 15,455 10,604 16,186 8,545 
Kirundo 10,846 7,411 11,095 6,089 
Mabayi 10,736 6,145 11,247 4,767 
Makamba 12,279 8,112 12,793 6,273 
Matana 11,268 7,372 13,948 6,075 
Mpanda 7,364 4,407 7,405 3,331 
Mukenke 7,859 5,513 8,079 4,637 
Muramvya 7,411 4,642 8,963 3,889 
Murore 6,219 4,450 6,526 3,969 
Musema 13,372 8,450 15,509 6,577 
Mutaho 10,986 7,202 12,633 5,392 
Muyinga 15,034 10,794 15,814 8,695 
Ngozi 14,474 9,535 15,781 7,491 
Nyabikere 12,174 7,982 13,903 6,059 
Nyanza-Lac 9,212 5,890 9,157 4,622 
Rumonge 11,755 7,489 12,096 5,730 
Rutana 8,994 5,953 9,723 4,330 
Ruyigi 5,979 4,185 6,276 3,244 
Rwibaga 8,121 5,473 9,599 5,022 
Ryansoro 7,475 4,934 9,265 3,980 
Vumbi 10,749 7,486 10,758 5,967 
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ZONE-Centre 2,115 1,233 1,964 890 
ZONE-Nord 6,742 3,856 6,176 2,839 
ZONE-Sud 3,135 1,865 2,927 1,335 
Total 443,657 292,370 480,605 232,304 
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Table S7. 3: Estimated number of school-aged children with low- and moderate/high-severity anaemia per 
district in Burundi, 2008–2011. 
  
Low-severity anaemia Moderate/high-severity anaemia 
District 2008 2009 2010 2011 2008 2009 2010 2011 
Bubanza 4,915 2,815 2,485 3,984 2,082 3,639 4,323 2,177 
Buhiga 4,882 5,774 8,525 10,009 4,308 3,359 2,993 1,156 
Bururi 3,299 1,799 127 54 1,476 2,079 1,912 710 
Busoni 6,402 3,891 2,483 8,516 3,529 5,695 6,421 4,578 
Butezi 2,351 5,724 781 565 4,812 1,444 1,445 550 
Buye 3,473 8,655 6,743 7,586 7,523 1,940 1,224 447 
Cankuzo 3,348 2,246 1,573 1,106 1,725 2,836 3,029 1,335 
Cibitoke 2,862 5,149 2,633 7,600 4,394 2,198 3,467 1,427 
Fota 7,066 2,268 2,641 2,251 1,678 4,598 2,727 1,061 
Gahombo 2,494 6,930 4,757 4,252 5,748 1,160 536 144 
Gashoho 4,341 3,989 5,420 8,626 3,235 3,335 3,186 1,482 
Gihofi 2,950 4,253 3,092 2,466 3,579 1,944 2,475 1,014 
Gitega 6,170 7,951 2,117 1,429 6,112 2,959 912 239 
Giteranyi 7,837 4,964 3,284 7,176 4,235 6,610 7,743 4,968 
Isale 7,041 6,201 9,960 10,284 5,334 4,978 5,945 2,555 
Kabezi 6,619 2,017 6,299 5,605 1,628 5,018 5,584 2,816 
Kayanza 13,000 5,231 8,027 9,488 4,138 9,331 6,679 3,764 
Kibumbu 5,419 4,248 2,581 1,647 3,201 2,803 967 236 
Kibuye 6,406 5,984 3,546 2,840 4,776 3,258 1,997 645 
Kiganda 3,974 5,682 4,183 3,218 4,651 2,358 1,205 436 
Kinyinya 2,296 3,251 774 454 2,678 1,800 2,987 1,256 
Kiremba 5,423 11,544 13,071 17,721 10,028 3,806 3,411 1,536 
Kirundo 6,643 5,588 2,906 13,373 5,126 5,802 6,419 4,136 
Mabayi 7,786 6,489 4,884 8,937 5,884 6,324 6,730 3,954 
Makamba 6,139 6,174 6,726 5,112 5,322 4,220 4,426 2,016 
Matana 8,174 2,978 1,474 1,649 2,188 5,202 2,739 978 
Mpanda 3,002 3,709 2,151 3,101 2,988 2,147 2,640 1,070 
Mukenke 4,362 3,348 2,864 7,144 2,934 3,662 4,476 2,835 
Muramvya 6,255 2,211 3,756 3,326 1,704 4,363 3,494 1,674 
Murore 4,126 1,803 3,785 2,924 1,464 3,691 4,376 2,480 
Musema 6,025 9,104 6,640 5,686 7,393 3,433 1,921 695 
Mutaho 2,397 8,761 3,400 2,556 6,988 1,199 580 151 
Muyinga 7,558 5,065 2,859 3,389 3,759 6,108 6,111 2,726 
Ngozi 4,267 8,708 8,189 8,517 7,156 1,999 1,185 348 
Nyabikere 2,658 7,203 2,970 2,973 5,521 1,538 1,127 376 
Nyanza-Lac 4,060 2,106 651 211 1,727 2,464 3,512 1,318 
Rumonge 6,078 6,111 689 414 5,071 4,296 3,582 1,352 
Rutana 4,866 3,124 2,361 1,916 2,604 2,777 3,097 1,317 
Ruyigi 1,942 2,267 594 311 1,836 1,410 1,793 759 
Rwibaga 9,308 513 7,389 7,316 382 7,753 7,474 4,414 
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Ryansoro 4,089 3,478 2,149 1,498 2,709 2,160 1,030 336 
Vumbi 4,199 7,730 5,563 13,072 7,039 3,341 3,684 1,939 
Zone-
Centre 
555 1,070 1,014 1,111 954 373 586 186 
Zone-Nord 1,805 2,847 3,855 4,579 2,596 1,167 2,059 629 
Zone-Sud 765 1,043 782 820 848 511 813 231 
Total 219,628 211,995 172,755 216,813 175,066 153,086 145,020 70,453 
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Table S7. 4: Values of the validation metrics used for the predictive maps of the prevalence of anaemia and of 
anaemia severity classes in school-aged children in Burundi, 2008–2011. 
 
Prevalence of anaemia  Mean prediction error Absolute prediction error 
2008 -0.003 0.222 
2009 -0.005 0.112 
2010 -0.164 0.184 
2011 0.027 0.104 
Prevalence of low-severity 
anaemia 
  
2008 0.063 0.232 
2009 0.074 0.120 
2010 0.086 0.146 
2011 0.052 0.220 
Prevalence of moderate/high-
severity anaemia 
  
2008 0.122 0.142 
2009 -0.009 0.107 
2010 0.006 0.111 
2011 0.021 0.046 
 
Annex Reference 
1. World Health Organization. Iron deficiency anaemia: assessment, prevention and control. 
A guide for programme managers. 2001; WHO/NHD/01.3. Available: 
http://www.who.int/nutrition/publications/micronutrients/anaemia_iron_deficiency/WHO_N
HD_01.3/en/ (accessed 30 May 2018). 
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CHAPTER 8: THESIS DISCUSSION 
 
8.1. Research Summary 
 
While MDA programmes are the cornerstone of STH control worldwide, the long-term 
impact of successive MDA programmes on the spatiotemporal distribution of the prevalence 
of STH infections and associated morbidity had not been examined before this Thesis. The 
research studies that make part of this Thesis aimed to address directly this important gap in 
knowledge by using annual nationwide georeferenced monitoring and evaluation data on 
STH infection and associated morbidity from a long-running MDA programme in Burundi. 
The research findings have important translational programmatic implications to inform 
targeted control of STH infections and associated morbidity in children in Burundi. 
The findings reported in this Thesis contribute important new knowledge in the field of 
spatial epidemiology of STH infections. Firstly, the analyses presented in Chapter 5 
quantified spatiotemporal changes in the prevalence of all STH parasites during the 8-year 
MDA programme in Burundi. The results of Chapter 5 provided a unique insight into the 
impact that MDA programmes can have on the spatial variation in the prevalence of STH 
infection, intensity of infection and prevalence of STH coinfections. Furthermore, results of 
Chapter 5 have demonstrated that MDA programmes can contribute to a reduction in STH 
prevalence over a large geographical distance by disrupting the clustering of STH parasite 
contamination. Secondly, spatiotemporal predictive maps of the prevalence of STH species 
presented in Chapter 6 found that the northern and western regions close to the capital, 
Bujumbura, remain endemic for all STH parasites. It also demonstrated that the eastern and 
southern regions of the country experienced the greatest reduction in endemicity over the 
duration of the 8-year MDA programme. Analyses in Chapter 6 aided in the estimation of the 
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number of children predicted to be infected with each STH species per year and per district in 
Burundi. The STH infection prediction maps produced in this Chapter can help guide the 
planning and future targeted implementation of MDA programmes in Burundi. Thirdly, to 
evaluate the impact of STH MDA programmes on STH-associated morbidity, in Chapter 7 I 
presented the first spatiotemporal models of prevalence of anaemia and prevalence of 
anaemia severity and estimated the number of anaemic children. Adjusting for socioeconomic 
status, environmental variables and malaria prevalence data, the research in Chapter 7 
quantified a significant association between both A. lumbricoides and T. trichiura infection 
and the prevalence of anaemia as well as the prevalence of anaemia severity. The correlations 
were consistent across all years of the study except in 2009. However, results also 
demonstrated that a one-year disruption to the STH MDA programme (i.e. in year 2010) 
resulted in noticeable increase in the prevalence of anaemia to levels higher than those at 
baseline (i.e. year 2007) in all areas in the country and not only in areas affected by MDA 
programme disruptions. The spatial analyses of monitoring and evaluation data collected as 
part of STH MDA programmes are a useful approach to investigating geographical disparities 
in health outcomes of treatment coverage. Further, the results also highlight significant 
shortcomings of national STH control programmes that are solely reliant on MDA 
programmes (1-10).  
8.2. Key Research Findings 
 
8.2. 1. Impact of Research on Conceptual Knowledge of STH spatial 
epidemiology 
 
Chapters 3 and 4 present reviews of scientific literature aimed at first, ascertaining what 
intervention strategies have been commonly used in the control of STH prevalence at a 
national level; and second, to describe STH associated morbidities with an emphasis on the 
impact of STH infection on child development. Literature reviewed in Chapter 3 
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demonstrated that while MDA programmes are commonly used and widely considered most 
effective and cost-effective STH control intervention, empirical evaluations of the long-term 
impact of deworming on the geographical distribution of STH infections and associated 
morbidity were largely lacking. This finding was surprising as STH MDA programmes are 
global practice in STH control (11). Chapter 4 detailed the impacts of STH parasitic 
infections on three phases of a child’s life: perinatal, infancy and school age. It also identified 
socioeconomic drivers, mainly poverty and malnutrition, as key drivers of STH related 
morbidity. Anaemia was identified as the STH-associated morbidity that results in the worst 
outcomes for a child. Whilst some studies assessed the spatial variation in anaemia (12-14), 
the literature search yielded that no study had assessed the long-term impact of STH MDA 
programmes on STH related anaemia over a 5-year study period. Thus, Chapters 3 and 4 
highlighted the need for MDA programmes to help control not only STH prevalence but also 
morbidity.  
Previous research highlighted that Burundi was highly endemic for all STH parasitic 
infections (15). While STH MDA programmes are in operation in Burundi since 2007, little 
was known about the long-term effects of MDA programmes on the spatiotemporal variation 
of STH infections and associated morbidity in the country. To address the gaps in knowledge 
identified in Chapters 3 and 4, this research investigated the impact of an 8-year MDA 
programme on spatiotemporal patterns of STH infections (Chapter 5 and 6) and anaemia 
(Chapters 7) and associated determinants in Burundi.  
The research findings in Chapter 5 and 6 highlight a statistically significant reduction in STH 
prevalence, intensity and co-infections, which were in line with reductions observed in other 
studies conducted in Uganda and Togo (16-18). Further, the results showed that following the 
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initial year of MDA, intensity of STH infections and the prevalence of co-infections were 
dramatically reduced (<1% in most sites tested) (19). 
Integrating statistical analyses in Chapter 5 with spatiotemporal mapping in Chapter 6 helped 
improve our understanding of:  a) how the natural environment influences the prevalence and 
distribution of STH parasites, and b) how variations in population densities influence the 
distribution of burden of disease across the country and over time. While in Chapter 5, I 
found that although the overall prevalence of STH infections decreased from year to year, 
results in Chapter 6 indicated that some regions in Burundi experienced an increase in the 
both the predicted prevalence and observed prevalence of all STH parasites between 2008 
and 2014. Together these results suggest that relying solely on non-geospatial statistical 
models to determine the impact and success of a long running MDA programme, as has been 
common practice (4, 20-23), may not represent the full impact of MDA programmes on STH 
prevalence across a geographically diverse country. Instead, using geospatial modelling of 
infection indicators has allowed for greater visibility of the true impact of MDA programmes 
on STH prevalence as has demonstrated by the subnational variability in STH infections 
highlighted in Chapter 6.  
Following on from the results of Chapter 6, questions remained regarding the impact of the 8-
year MDA programmes on STH-related morbidities. Since blood haemoglobin levels per 
child were only available between 2007 and 2011, and predictive STH prevalence maps only 
available from 2008 to 2014, in Chapter 7 I set out to analyse the spatiotemporal variation in 
the prevalence of anaemia, prevalence of anaemia severity classes and the predicted number 
of anaemic school-aged children between 2008 and 2011.  My findings in Chapter 7 indicated 
an overall reduction in prevalence of anaemia and prevalence of all anaemia severity classes 
throughout the country and that reduction was spatially heterogeneous. However, despite 
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continuous treatment, the prevalence of anaemia did not drop below 20% by 2011. The 
statistical analysis of the prevalence of anaemia support Guyatt et al.’s research on anaemia 
reduction following STH MDA programmes in Tanzania, which found that MDA had limited 
success in reducing the prevalence of anaemia in school-aged children (24) as prevalence 
remained above 20%. Furthermore, after the first round of MDA, and despite continuous 
MDA interventions, boys had persistently higher prevalence of anaemia and prevalence of 
severe anaemia than girls. This result is contrary to the current literature which suggests that 
school-aged girls have a higher prevalence of anaemia than boys (12, 20, 24-28), which is 
also the basis for arguments supporting anaemia interventions in school-aged girls. This 
finding suggests that anaemia-specific interventions in Burundi need to consider targeting 
school-aged boys as well as school-aged girls due to higher risks of STH infection and 
schistosomiasis in boys (12, 20, 24, 27, 29-34). Upon visual inspection, the prevalence of 
anaemia predictive maps, along with predictive maps for the prevalence of low severity and 
the prevalence of moderate/high severity anaemia appeared to coincide with the prevalence of 
A. lumbricoides and the prevalence of T. trichiura in terms of spatial distribution which was 
expected  because STH data were used as covariates in the anaemia prediction models.  
Mainly, areas of moderate and high prevalence of infection with A. lumbricoides and T. 
trichiura correlated with areas of moderate and high prevalence of anaemia and 
moderate/severe anaemia. The correlation between the prevalence of anaemia and anaemia 
severity classes and predictive STH prevalence maps of A. lumbricoides and T. trichiura 
(Chapter 6) indicate that MDA programmes are in fact helping to reduce, albeit marginally, 
the impact of an assumed STH-associated comorbidity such as STH related anaemia. 
Another study (35) which examined the impacts of STH MDA programmes on the 
prevalence of anaemia whilst also conducting anaemia interventions along with the STH 
MDA demonstrated that when STH MDA programmes were coupled with iron-folic acid 
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supplementation over a 54 month period, a significant reduction in the prevalence of anaemia 
was witnessed (38% to 18%). Whilst the prevalence of A. lumbricoides was reduced from 
19% to 5%, the prevalence of T. trichiura was reduced from 29% to 3% and the prevalence 
of  hookworm infections was reduced from 76% to 11% and the prevalence of infection 
intensity was less than 1% (35). Whilst Chapter 7 suggests that MDA programmes, alone, 
may be insufficient in reducing and controlling anaemia, Casey et al. (35) demonstrated the 
potential benefits of coupling STH MDA programmes with anaemia interventions, in 
particular, iron-folic acid supplementation can have on the prevalence of anaemia as well on 
the long term health benefits of the child.  
In Chapters 5, 6 and 7 I examined the impact of MDA on the spatial clustering of STH 
prevalence and the prevalence of anaemia and the prevalence of anaemia severity classes 
from 2007 to 2014, respectively. Overall the observed variation in spatial dependency of the 
prevalence of all STH parasites suggest that MDA programmes do, in fact, have an impact on 
the spatial distribution of STH parasites.  Results of Chapter 5 indicate substantial differences 
between observed spatial dependency in both the prevalence and intensity of infection for all 
STH parasites between 2007 and 2014 (Chapter 5). In most instances, residual 
semivariograms between 2007 and 2014 (Chapter 6) showed changes in spatial dependency 
from clear clusters in 2008, to spatial trends mid-way through the MDA program and finally 
to no spatial dependency by 2014 in T. trichiura only, whilst A. lumbricoides and hookworm 
infections continued to demonstrate spatial trends by 2014. The observed shift in the 
clustering of STH infections following a long running MDA programme can be partially 
attributed to a change in the transmission dynamics brought about by a reduction in 
environmental contamination.  Both A. lumbricoides and T. trichiura require the ingestion of 
parasitic eggs; such transmission is likely to occur in close proximity to the home 
environment (36). Thus, a reduction in the presence of eggs of these STH species in the home 
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environment as a result of MDA targeting children may have resulted in a reduction in the 
clustering effects observed in these two species (37). Conversely, our results indicate that 
hookworm infections were not geographically clustered which may be explained by the fact 
that hookworm transmission is facilitated by exposure to infective larvae in soil in the public 
domain (20, 36). These findings suggest that sequential MDA is likely to have small effects 
in hookworm environmental contamination if this intervention is not accompanied by 
improvements in WASH (38, 39). Moreover, the presence of hookworm parasites as mobile 
larvae in the environment (40) also means that hookworm parasitic larvae are likely to exist 
in wider geographical areas.  In Chapter 7, semivariograms for the prevalence of anaemia 
showed trends in spatial dependency between 2008 and 2011. Moreover, in most instances 
semivariograms for both the prevalence of low severity anaemia and the prevalence of 
moderate/severe anaemia between 2008 and 2011 showed changes in spatial dependency, 
with changes mainly shifting from clear clusters to spatial trends. The observed lack of 
spatial dependency in the prevalence of anaemia suggests that whilst MDA programmes may 
have had some impact on STH infection, STH MDA programmes alone are not sufficient nor 
sustainable in treating STH related morbidity in the long term. 
Spatial modelling of the prevalence of STH infections in Chapter 6 and the prevalence of 
anaemia and the prevalence of anaemia classes in Chapter 7 identified land surface 
temperature and normalized difference vegetation index (NDVI) as being strongly correlated 
with the prevalence of all STH parasites between 2008 and 2014 supporting current 
knowledge on environmental covariates which influence STH survival in the natural 
environment (30).  NDVI was also found to be significantly correlated with the prevalence of 
anaemia. However, studies have identified other environmental factors including 
precipitation, distance to perennial water bodies (DPWB) (41, 42), availability and quality of 
sanitation infrastructure (43), and socioeconomic status of the household (44, 45) as being 
 325 
 
factors which influence and promote the survival and spread of STH infective stages in a 
community. Precipitation and DPWB were found not to be significantly correlated to STH 
prevalence.  
In non-spatial models, the prevalence of anaemia was found to be positively and significantly 
associated with A. lumbricoides and T. trichiura infections (OR 1.5 and 1.3 respectively), 
whilst contrary to available evidence suggesting that hookworm was a significant factor in 
STH related anaemia (20, 25, 31, 32), hookworm was found not to be significantly associated 
with the prevalence of anaemia. However, evidence on the age-prevalence profile for 
hookworm infection suggests that adults are more at-risk than children and as such the 
prevalence and intensity of hookworm infections in children are likely to be low and light, 
respectively (20, 28, 46).  
Similar to trends observed in the maps of children infected with STH presented in Chapter 6, 
the maps of the prevalence of anaemia and the prevalence of anaemia severity classes in 
Chapter 7 found that, the number of anaemic children dropped from 443,657 in 2008 to 
282,370 in 2009.  However, contrary to the number of children with an STH infection in 
2010, the number of anaemic children in 2010 (the disruption year) surpassed the number of 
anaemic children in 2008, with 480,605. In 2011, the number of anaemic children reduced to 
a 5-year minimum at 232,304. The spike in the number of anaemic children in 2010 suggests 
that using MDAs for the treatment of STH related morbidities, in particular in unstable 
regions will likely result in the total reversal of gains in reduction during a disruption. The 
distribution of the number of anaemic children and the number of anaemic children with 
either low severity or moderate/high severity anaemia, followed similar spatial distribution 
patterns to those of children infected with either of the three STH parasites. Whilst all 
parasites were predicted to have infected wide areas of children, A. lumbricoides was 
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predicted to be more prevalent in the eastern regions of Burundi than anaemic children. The 
difference between the number of anaemic children compared with the number of children 
infected with STH infections could be explained by the numerous factors that can confound 
the prevalence of anaemia including malaria, HIV, malnutrition and girls of child bearing age 
who had given birth (see 8.3.3). 
 Another key discussion point brought forward from the finding of Chapters 5, 6 and 7 is the 
impact of civil unrest that occurred in 2010, in that the MDA program was stopped in 60% of 
the country (19, 47). Whilst Chapter 5 demonstrated statistically significant changes in 
prevalence pre- and post-disruption, Chapters 6 and 7 captured the spatiotemporal impact of 
the disruption to treatment through the production of predictive STH and anaemia prevalence. 
Overall my results indicate that sustained reductions in prevalence of STH infections and 
morbidity and of the number of affected children are reliant on continuous and uninterrupted 
MDA. This finding is supported by the observed and predicted prevalence of infection and 
number of infected children between 2008 and 2011, which contrasted with the prevalence 
and number of infected children in 2010. Disruptions to large-scale MDA programmes are 
unavoidable and often unplanned events ultimately affecting the effectiveness of MDA 
programmes as exemplified by my findings in Burundi. Areas where disruptions occur are 
problematic as not only are infected populations untreated, but also because they act as 
reservoirs for parasitic infections that can actively infect new people and re-infect those 
already treated locally and elsewhere. The issue of parasitic reservoirs (38, 46) is made more 
problematic during disruptions due to civil unrest, which often result in the displacement of 
communities with infected individuals as was the case in Burundi. Refugees and internally 
displaced people as forced to live in informal settlements with poor sanitation and hygiene, 
(48, 49), and in close proximity (50-52). These living conditions increase the risk of 
transmission to uninfected or previously treated populations/individuals (48). Once civil 
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stability is restored, internally displaced people or refugees, who are possibly infected/re-
infected, return their homes and either introduce the parasites to their village and surrounds or 
increase the rate of infection in their already affected village (51, 53). As a result, disrupted 
areas impact on infection rates locally and nationally (54). Thus, the spatiotemporal trends in 
STH infection uncovered by my research in Chapters 5, 6, and 7 provide further evidence that 
MDA programmes alone are not a viable long-term solution for STH infection control.  
8.2.2. Impacts of Research on Programmatic Functions of MDA programmes 
 
The results of the studies that make part of this Thesis can help improve the planning and 
implementation of the MDA program in Burundi and in other STH endemic countries in a 
number of ways.  
First, the results indicate that MDA programmes need to be supplemented with other 
interventions for medium to long-term control of STH infections. As evidenced in Chapters 5 
and 6, annual MDA programmes are very sensitive to disruption in that the moment that 
treatment ceases STH prevalence will rise back to levels similar to that observed at baseline.  
Therefore, MDA programmes are best as part of a long-term, multi-pronged and multi-
dimensional intervention, in which reductions in poverty, improvements in WASH, increases 
in health education and infection treatments, form part of a long-term plan to reduce the 
prevalence and potentially eliminate STH infections.  
Secondly, Chapter 7 provides substantial evidence to recommend the implementation of 
anaemia interventions integrated into STH MDA programmes. The outputs from Chapters 7 
suggest that the spatiotemporal impact of long running MDA programmes on anaemia control 
has been limited. These results highlight a critical flaw in MDA programmes by detailing 
how anaemia prevalence values marginally decline and then resurge over the course of the 
MDA programmes. This was mostly visible after the civil unrest in 2010.  The results of 
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Chapter 7 suggest that MDA programmes, alone, are not sufficient in addressing STH-
associated anaemia. Furthermore, the results of Chapter 7 reinforce the argument to integrate 
treatments, particularly for anaemia, during MDA.  
Thirdly, analysis of annual STH infection data collected annually at sentinel sites in 
combination with high-resolution remotely-sensed data can support ongoing monitoring and 
evaluation activities.  In Chapters 6 and 7, high-resolution, remotely-sensed images, captured 
from Landsat satellites, were used to predict STH and anaemia prevalence. Such images 
provide information on environmental and physical contributing factors that influence the 
distribution and survival of parasites in their natural environment (3, 43, 55, 56). Greater 
understanding on how different environmental variables are associated with STH infection 
indicators can form the basis of a spatial decision support systems (SDSS) within MDA 
programs that can help guide targeted interventions. It is recommended that a follow-up study 
be conducted comparing the predicted models to a comprehensive mapping activity such as 
the national mapping conducted in 2014 to test the usefulness of predictive models using 
routine monitoring and evaluation data compared to parasitological mapping. 
Fourthly, Chapters 6 and 7 predicted the number of children infected with STH infections per 
parasite (Chapter 6) and the number of anaemic children and their number by anaemia 
severity class (Chapter 7). The observed differences between the predicted prevalence maps 
of STH infections and the predicted maps of the number of infected children demonstrate the 
limitations of not incorporating population density into predictive model outputs. Predicted 
maps of the number of infected children generated for each STH species would allow 
programme managers to better manage resources by targeting higher burden areas rather than 
higher prevalence areas.  
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8.3. Limitations 
8.3.1 Data Quality and Confounding 
 
One data quality limitation was the disruption to data collection and treatment in 19 out of 31 
sites in 2010. This restriction in sample size in 2010 introduced random error and increased 
regions of uncertainty in the spatiotemporal models. 
No monitoring and evaluation data were available in 2012 and 2013 as the programme 
managers in Burundi decided for logistical purposes, to cease collecting at the conclusion of 
the 2011 treatment cycle. Treatment was continued between 2011 and 2014. In 2014, a new 
mapping programme supported by the SCI, the END Fund and SCORE was conducted, 
where 236 sites were randomly selected and sampled, with diagnosis using a mixture of 
Kato-Katz and Circulating Cathodic Antigen (CCA) tests. Of these sites, only 26 were from 
the original sentinel sites selected between 2007 and 2011. Blood haemoglobin levels and 
anthropometric measurements were not collected in 2014. This gap in longitudinal data 
between 2011 and 2014 limits a complete understanding of the treatments delivered and the 
progress made during these years. Furthermore, the difference in sampling methodologies 
introduced sampling error to the study, whilst the lack of blood iron levels and 
anthropometric measurements in 2014 did not allow for a comparison between progress made 
in 2011 and any further progress that may have been made in anaemia reduction in 2014. 
Finally, high resolution data for precipitation can be difficult to acquire and are only available 
in low, c. 5km by 5km, pixel resolution. Lack of access to consistently high resolution 
remotely-sensed data introduced random error into the models. 
8.3.2 Interruption to treatments and data collection 
At the end 2009 and throughout most of 2010, political and civil unrest erupted in Burundi 
leading to civil war. This meant all extension sites, mainly sites deemed too dangerous to 
enter, were left untreated and untested during this period; thus, treatment was halted for 19 
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sites for one year, creating a significant disruption to the MDA programme. Therefore, during 
this time and at these sites, the STH and anaemia situation is unknown. Burundi fell again 
into civil unrest in 2015, which is still ongoing. 
8.3.3 Missing key variables 
WASH are key confounding factors for STH prevalence and distribution (40, 43, 57). 
Unfortunately, data on WASH were not available and future studies needed to consider 
WASH to improve the predictive ability of STH prevalence models.   
Among others, three key contributing factors to anaemia development, in addition to malaria, 
hookworm and malnutrition, include schistosomiasis, HIV and girls who have recently had 
children. Strong evidence suggests that urinary schistosomiasis (58) is a key contributing 
factor for anaemia and is a common coinfection found with STH infections (20, 29, 33, 59). 
Whilst individual-level schistosomiasis data may have been available for some years in 
Burundi, schistosomiasis data at source from 2007-2011 was corrupted due to sampling 
collection error and could not be used. This is a confounding and limiting factor of the 
analysis. Further, HIV infection and peri-partum loss of blood in very young mothers/girls 
are known to be major contributors to anaemia prevalence. Underage birth rates are poorly 
documented and, due to HIV being a disease of stigma, data on HIV are scarce and not 
useable for modelling purposes.  
8.3.4 Regression Dilution Bias 
Wealth indices were used as a proxy for socioeconomic status and aggregated malaria 
prevalence data were used as a proxy for individual malaria prevalence. This imprecise 
measurement of socioeconomic status and malaria may introduce regression dilution bias 
(60). Measurement error in these variables is likely to bias the estimates of the regression 
coefficients towards the null (61). Whilst the use of wealth indices and malaria maps is valid, 
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the accuracy of the models produced would have likely been better had it been possible to use 
individual-level socioeconomic and malaria data. 
8.4. Recommendations and Future Pathways 
There are numerous opportunities available for further research into the spatial epidemiology 
of STH infections and their associated morbidity, as well as into the potential applications of 
the models and outputs produced as a result of this dissertation. Firstly, it is possible to use 
spatiotemporal modelling as part of an independent SDSS. SDSSs have become increasingly 
important for health interventions programme managers as they help to improve resource 
utilisation and improve planning for the next phase/round of an intervention (42, 62). 
However, implementing SDSSs help guide and inform programmes by visually modelling the 
distribution of infections and allowing for automation in updating of models and maps based 
on live data feeds from satellites and from field sources (63). However, SDSSs can be time 
consuming and expensive to develop and implement (63, 64). The argument posed by this 
Thesis is that it is possible to use monitoring and evaluation data collected during the health 
intervention to inform an established SDSS. By doing so, it is possible to reduce the cost and 
time associated with establishing an SDSS de novo for both monitoring and evaluation as 
well as for guidance and planning of future interventions can be reduced. Secondly, the 
studies in this Thesis have identified a key missing piece of the STH control puzzle, namely, 
population distribution as migration patterns. Internal displacement and patterns of internal 
routine population mobilisation have proven to be one of the most difficult components to 
account for, an important factor in the success of MDA programmes (65, 66). By 
incorporating static population density maps, one can account for only one element of a 
population movement and density. This allows for better estimation of the number of people 
affected by the parasite(s) or ailment(s) infected people per region, in question.  Furthermore, 
these static population models can be further narrowed down to target a specific age group, or 
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gender, thus providing programme managers with a key piece of the planning puzzle which 
can help to improve intervention reach and impact as well as optimise the utilisation of 
financial and material resources by allowing for better estimation of the number of treatments 
required as well as highlighting areas where populations are potentially neglected (67). 
Whilst these static models allow for better estimation of number of people affected by the 
intended parasite or ailment in stable regions, they lack the robustness to predict in areas of 
instability where populations can be very mobile and where large refugee and internally 
displaced populations exist. The next phase would be to introduce population movement 
models also known as social network analysis of movement (68) within and between 
countries, which account for internal displacement, refugee migration, establishment of 
refugee camps and cross-border issues. This is especially important, as it will allow for a 
higher sensitivity and specificity in predicting, for instance: a) the spatiotemporal distribution 
of disease and b) the impact of MDA programmes over time. This has the potential to form 
the foundation of real-time disease surveillance as well as to become the cornerstone of early 
warning systems for other NTDs/infectious diseases (69).  
8.5. Conclusion 
The body of research reported in the different Chapters of this Thesis has demonstrated a 
novel approach to utilising routine monitoring and evaluation data to map and document the 
progress of STH MDA programmes on STH infection prevalence and its associated 
morbidity. Chapters 3 and 4 demonstrated the need for MDA programmes to help control the 
prevalence and intensity of STH infection, and quantify the impact on morbidity; control 
programmes based on MDA are the most commonly used STH intervention due to its 
effectiveness and cost-effectiveness. Chapter 5 supported the current international consensus 
that MDA programmes help to reduce STH prevalence and intensity of infection. However, 
evidence was provided to support the idea that MDA programmes alone are not the magic 
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bullet for the long-term control and elimination of STH infections. Chapters 6 discussed that 
relying on non-geospatial models to measure the impact of MDA on STH prevalence is not 
satisfactory. Monitoring and evaluation data could be utilised to map effectively the progress 
and distribution of MDA programmes for a country. The spatiotemporal models showed that 
whilst MDA programmes reduced the prevalence of STH overall, the prevalence of STH 
infections remained high in some regions. Maps of predicted number of children infected 
with each parasite species per year produced in Chapter 6 facilitate improved MDA planning, 
with the potential of saving time and enhancing resource utilisation. Chapter 7 produced 
geospatial models for prevalence of anaemia and anaemia severity classes adjusting for STH 
infections (Chapter 6) demonstrating that MDA programmes are insufficient at reducing the 
prevalence of anaemia below 20% over the years. Any disruption to MDA treatments due to 
premature cessation of interventions or civil unrest would be detrimental to gains made in 
reducing anaemia prevalence and severity. There is a need for integrated interventions 
targeting both STH infections and anaemia. The delivery of the aforementioned integrated 
interventions should be guided by novel approaches to existing mapping methodologies in 
order to extract useful and programmatically important information using routine monitoring 
and evaluation data. The research has advised against relying solely on MDA programmes for 
STH control and elimination in the long-term and proposed the use of multi-pronged 
approaches. Three recommendations can be made to the Ministry of Health in Burundi and 
other developing countries conducting MDAs to control STH infections. Firstly, an emphasis 
on WASH infrastructure and health education, and poverty reduction should accompany 
MDA programmes to produce long-lasting reductions in STH infection and morbidity and to 
pave the way for long-lasting and truly achievable elimination efforts. Secondly, integration 
of anaemia interventions into STH interventions to reduce morbidity associated with STH 
infections may help maintain and further reduce the burden of anaemia in endemic areas. 
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Thirdly, investment into a SDSS can help in the planning of future integrated interventions, 
guide programme managers to high burden areas and, finally, help Burundi, and other STH 
endemic countries, reach their STH reduction and potential elimination goals.   
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APPENDIX 1: GLOBAL ESTIMATION OF THE DEMAND OF 
PZQ PILLS NEEDED TO TREAT ALL POPULATIONS 
REQUIRING PCT FOR SCHISTOSOMIASIS 
 
 
1. Document produced for the WHO Neglected Tropical Disease department on the 
global estimation of the demand of praziquantel (PZQ) pills needed to treat all 
populations requiring PCT for schistosomiasis. Report was produced during my PhD 
candidature, on the 23rd of November 2016. This report was delivered to 52 countries 
endemic for schistosomiasis and 20 additional PCT stakeholders. 
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Summary 
Introduction 
According to estimates based on the number of people requiring preventative chemotherapy 
(PCT) for schistosomiasis in 2014, the global demand for PZQ is approximately 714,961,588 
tablets per year to treat SAC and adults. A database was created to predict and forecast the 
number of pills needed to treat SAC and adults in endemic countries globally between 2016 
and 2020. 
Methods: 
Using the JRSM applications as well as mapping results, the number of PZQ pills needed to 
treat both SAC and adults were calculated per district based off validated endemicity levels 
and as per WHO PCT guidelines for schistosomiasis. 
Because countries started PCT at different time points, a treatment schedule was created to 
determine when a country should treat districts based off their endemicity levels. 
Results: 
It was found that on average, we will require 156,781,522 PZQ pills per year for SAC and 
300,104,295 per year for at risk adults in endemic regions. The total cost of pills for both 
adults and SAC is expected to be on average $50,247,158.44 per year. This figure does not 
take into consideration any donated drugs. 
Recommendations 
It is recommended that a new protocol be drafted to assist countries with accurately filling in 
the JRSM application forms. It is also recommend that real prevalence be entered in the 
JRSM form to support the categorical prevalence variables as to minimize discrepancies 
between the categorical prevalence and the real prevalence of districts. 
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Furthermore, it is highly recommended that countries apply and follow treatment cycles 
based off the prevalence categories as these categories ensure a cost-effective and efficient 
delivery system to endemic districts. 
Finally, based on the drug predictions, it appears that the 250 million pills donated by Merck 
may be insufficient for years 2016 – 2020, especially when the at-risk adult populations are 
considered. Thus, an increase in the quantity of pills donated is also highly recommended in 
order to treat all at risk populations in endemic countries 
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Introduction 
The World Health Assembly resolution WHA66.12 in May of 2013 and the NTD road map 
of 2012 have set out objectives and milestones for the control and elimination of NTD’s by 
2020. In the London declaration on NTD’s in 2012 (1), Merck committed to donate 250 
million tablets of Praziquantel (PZQ) per year for the control of schistosomiasis in school 
aged child populations, primarily in Africa. In addition to these donations, PZQ is purchased 
by USAID, DFID, and World Vision on behalf of NTD programmes which they support 
respectively. The World Bank purchases PZQ for an NTD PCT project in Yemen. According 
to estimates based on the number of people requiring preventative chemotherapy (PCT) for 
schistosomiasis in 2014, the global demand for PZQ is approximately 714,961,588 tablets per 
year to treat SAC and adults. A joint application package composed of 4  documents (annual 
work plan, epidemiological report, joint application for donated medicine and the joint report 
form) have been developed to coordinate the donation system and keep track of the number 
of treatments needed per district population based on the prevalence of that district (2). 
Taking advantage of the completion of mapping of schistosomiasis in the African region, 
home to 92% of people receiving PCT, and the joint application package, which provided 
information on the implementation of control activities and epidemiological surveys, it has 
become increasingly important to update the number of people requiring PCT and the 
demand of PZQ globally in accordance with WHO guidelines for treatment. Thus, this study 
will aim to quantify the demand of PZQ needed from 2016 to 2020 to treat both SAC and 
adult populations. This study will also aim to develop a district level database of 
schistosomiasis, including the disease prevalence and the mass drug administration status 
(number of rounds of treatment received) for the 38 countries requiring preventive 
chemotherapy (PCT) for schistosomiasis. Furthermore, it will forecast the number of PZQ 
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needed and the cost associated for the period between 2016 – 2020 by target countries and 
population (school-aged children/ adults).  
It is anticipated that this study will help to inform on the demand for drug donation, by 
documenting the need of countries in terms of the amount of PZQ needed and MDA delivery 
times. It will also help donor pharmaceutical companies adjust their figures in order to satisfy 
the PZQ demand for the targeted populations. 
Objectives 
1. Quantify the demand of PZQ needed from 2016 to 2020 to treat both SAC and adult 
populations. 
2. Develop a district / implementation unit level (IU) database of schistosomiasis, 
including the disease prevalence and the mass drug administration status (number of 
rounds of treatment received) for the 52 countries requiring preventive chemotherapy 
(PCT) for schistosomiasis. 
3. Forecast the number of PZQ needed and the cost associated for the period between 
2016 – 2020 by target countries and population (school-aged children/ adults). 
Materials and Methods 
Joint Applications and Reporting Data 
The Joint Request for Selected PC Medicines application forms are designed to assist 
countries in quantifying the number of tablets of the relevant medicines (PZQ) required to 
reach the planned target populations in districts in a coordinated and integrated manner for 
the year the drugs are requested (2). 
Every country requiring donated PZQ is required to complete these forms prior to any 
intervention taking place. These forms contain the name of all implementation unit level / 
districts to be included in the MDA programme, SAC and adult populations, the categorical 
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prevalence in each of these districts, the number of treatments required and the number of 
treatment rounds required. 
A database was built containing all countries requiring PCT, the total population, SAC 
population, adult population, and prevalence category for treatment purposes per district. 
Data was collected from joint applications requesting the number of treatments needed for 
2016/2017.  
Schistosomiasis treatment categories 
The exact number of drugs required were calculated based on WHO Preventative 
Chemotherapy guidelines for schistosomiasis (Preventive chemotherapy for Human 
helminthiasis (3), Helminth control in school-age children (4)). 6 categories were established 
for the MDA purposes: 
0) if the prevalence is less than 1%, no MDA programme is conducted.  
1) If the prevalence is between 1% and less than 10%, then we will treat every SAC once 
every three years and PZQ must be made available at the local dispensary for adults with 
suspected cases to receive treatment.  
2) If the prevalence is between 10% and less than 50%, then every SAC would be treated 
once every two years and adults in at risk categories are also treated (farmers, fisherman and 
pregnant women).  
3) If the prevalence is 50% or above, then all SAC would as well as adults considered at risk 
(entire community in endemic regions) are to receive treatment every year.  
4) No data is available 
5) Prevalence is unknown but region is known to be endemic 
Inclusion and Exclusions Criteria for Data 
Specific population inclusion and exclusion criteria were applied to population data. These 
are as follows: 
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- Infants below school age were excluded from the population figures as PZQ 
formulation is not suitable for children of this age. 
- Urban areas were excluded from the datasets. Districts with a population of larger 
than 100,000 people will be considered as containing urban areas and a Rural/Urban 
ratio will be applied to these. 
- Adult population was only included in districts where it necessitated treatment of at 
risk adult populations. 
- The primary focus of the population being considered in the evaluation were children 
of school-age and at risk adults. 
Population Growth Indexed Annually. 
Population data per district was extracted from the joint application form. Population growth 
figures were obtained from the World Bank database (5). Because population growth figures 
for districts could not be found, it was assumed that the district population growth was 
equivalent to the national growth rate. Thus population data was inflated per annum based on 
the national population growth rates and indexed annually.  Furthermore, it was assumed that 
these population growth rates used will remain constant from 2016 to 2020. 
Excluding Urban Populations 
For district populations greater than 100,000 people, an urban-rural ratio, obtained from the 
World Bank, was applied to the population. This was done to account for the exclusion of 
urban areas from PCT programmes. Population growth, as mentioned above, was applied to 
the new adjusted population to obtain natural population growth from 2016 to 2020. 
Identifying Target Treatment Populations. 
Using the WHO guidelines for ‘Preventative Chemotherapy in Human Helminthiasis’ (2) and 
‘Helminth Control in School-age Children’, target populations requiring treatment were 
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calculated. No treatment is given for categories 0, 4 and 5. If districts were classified into 
categories 1, 2 and 3 the following methodology was used: 
Cat. 1) According to the WHO guidelines for helminth control in school-age children, adult 
treatments are excluded from this category. Furthermore children are treated once upon entry 
into school and once upon exiting school. However, programmatically speaking, this method 
may cause difficulty in keeping track of child treatments. Thus another method is adopted 
whereby all students are treated once every three years. As such, to reflect this in the 
treatment population, the entire SAC population was considered for treatment for the first 
year, the proceeding 2 years had zero treatments, followed by another treatment to all SAC 
the following year (4). 
Cat. 2) It is recommended that SAC are treated once every two years. The entire SAC 
population was included for treatment in the first year and every second year onwards. 
According to the WHO guidelines for preventative chemotherapy in human helminthiasis, at 
risk adult populations are to also be treated along with the SAC population. Because the 
proportion of at risk to not at risk adults is unknown, all adults in category 2 districts were 
considered to be treated every second year. 
Cat. 3) All at risk adults (may vary from special groups to all adults in district) and all SAC 
children are included for treatment in category 3 districts. 
 Special Category 
Cat. 5)  No treatment is received as drug demand is calculated based on prevalence thus 
mapping is highly recommended in order to begin MDA. 
Using Treatment Schedules: 
In order to capture the most natural intervention that a nation is likely to follow, the year the 
first PCT started was obtained from the WHO PCT Databank. These dates were used to 
develop a treatment matrix which identified which category would be treated in which year 
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first. This allowed for the continuation of what a country is likely to be pursing between 2016 
and 2020 PCT programmes. 
Calculating Number of Pills Required per year: 
For SAC, a factor of 2.5 was applied for all targeted treatment populations from 2016 – 2020. 
The factor of 2.5 is considered the average number of pills needed per child which also 
incorporates spillage, spoilage or loss of drugs.  
For adults, a factor of 3 was applied to all identifies targeted treatment populations from 2016 
to 2020. This factor of 3 is also considered the average number of pills needed per adult 
including spillage, spoilage or loss of drugs. (Schistosomiasis Strategy 2012 -2020) 
Calculating the Cost of Pills per year: 
Because drug donations are sourced from different sources, some donated freely others 
acquired at a cost then donated, the cost for pills were calculated for relevant SAC and adult 
populations at a rate of $0.11 USD per pill. The total cost of PZQ per country, per district is 
calculated by multiplying the number of pills per district by a factor of 0.11.  This is done for 
both SAC and adult populations 
Validation of Data 
 If Prevalence is known 
Because countries provide prevalence per district in the form of categorical prevalence data 
rather than real prevalence figures, it is necessary to validate the accuracy of the categorical 
prevalence using real prevalence figures. Real prevalence figures were obtained from 
epidemiological data forms submitted to the WHO by the partner countries, mapping 
reports, NTD master plans and requests sent to the countries to fill in the gaps. These 
figures were compared to the categorical data and if they fell into the correct category, the 
figures were considered to be valid. However, if the categorical data does not coincide with 
the real prevalence data, is will be considered invalid and is adjusted to the correct category 
 352 
 
in a new category field. From this new field, the treatment population for both SAC and 
Adults, number of pills and cost of pills will be calculated using the above figure. 
 If Prevalence is Unknown 
In the event that the real prevalence for districts are unknown, data will be requested from 
countries firstly and collaborating organizations secondly.  
Results 
Data Validation Results: 
During the validation process, countries with missing district prevalence data, missing 
application data and data presented in unusable formats were identified. Complete countries 
are countries with less than 20% of districts missing prevalence data; countries missing 
JRSM2016 data are countries missing JRSM2016 drug application forms; missing countries 
are countries missing all prevalence and/or JRSM2016 application forms; countries with gaps 
in district prevalence are countries with more than 20% of district prevalence missing. The 
majority of countries had complete prevalence data, only 6 countries had significant gaps in 
their data, the gaps varied between: 25.06% for Nigeria to 95.62% for Angola and only 1 
country had no prevalence data. Table 1 highlights these. 
Complete 
Countries 
Countries 
Missing 
JRSM2016 
data 
Missing 
Countries 
Countries with 
Gaps in 
Districts /IUs 
Prevalence 
% 
missing 
IUs/  
districts 
 
Eritrea Equatorial 
Guinea 
South Africa Nigeria 25.06% 
Sierra Leone   Mauritania 70.9% 
Benin   CAR 50% 
Burundi   Angola 95.62% 
Cameroon   Kenya 90.5% 
Zimbabwe   Zambia 28.16% 
Chad     
DRC     
Senegal     
Burkina Faso     
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Guinea     
Botswana     
Sao Tome     
Uganda     
Congo     
Malawi     
Madagascar     
Tanzania     
 
Table 1: Breakdown of available data (from both sources of prevalence data and JRSM 
applications) for validation purposes. 
During the validation process, 38 countries which had real prevalence data available were 
validated. During this process, if a district’s JRSM2016 prevalence category was found to not 
coincide with the real prevalence it was marked and tallied at the end.  
After reclassification of validated data, it was evident that a substantial quantity of countries 
had misclassified their district prevalence on the JRSM2016 form. Tables 2 and 3 
demonstrate the distribution of district prevalence categories per country before and after 
validation (respectively). Category 1, which requires only one treatment every three years and 
excludes adult populations, was grew slightly from 1165 districts classified as such to 1172 
post validation, category 2, which requires one treatment every 2 years and includes at risk 
adult populations as well, saw a reduction from 1702 districts to 1086 and category 3, which 
requires one treatment every year and includes all at risk adult populations, saw a reduction 
from 456 districts to 246. Category 4, which indicates that no prevalence data was available 
for the district increased from 317 to 1020 districts. A total of 108 districts remained non-
validated as their respective countries are yet to provide prevalence data. 
Country 0 1 2 3 4 5 Grand 
Total 
ANGOLA 
 
39 121 1 
  
161 
BENIN 1 31 37 8 
  
77 
BOTSWANA 
 
5 10 9 
  
24 
BURKINA FASO 
 
17 53 
   
70 
BURUNDI 
 
4 28 8 5 
 
45 
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CAMEROUN 76 27 77 9 
  
189 
CAR 1 4 
 
3 8 
 
16 
CONGO 19 3 
    
22 
COTE D'IVOIRE 2 35 42 3 
  
82 
ERITREA 11 13 6 
 
28 
 
58 
ETHIOPIA 343 126 125 54 190 
 
838 
GABON 4 
     
4 
GHANA 
 
31 138 47 
  
216 
GUINEE 7 10 9 12 
  
38 
KENYA 103 32 23 
   
158 
LESOTHO 10 
     
10 
LIBERIA 
    
15 
 
15 
MADAGASCAR 1 27 22 52 8 2 112 
MALAWI 
  
19 10 
  
29 
MALI 16 47 
    
63 
MAURITANIE 2 8 23 4 
  
37 
MOZAMBIQUE 
 
7 82 71 
  
160 
NAMIBIA 
 
5 1 
 
7 
 
13 
NIGER 5 
 
21 16 
  
42 
NIGERIA 89 335 290 10 50 
 
774 
RDC 136 204 160 16 3 
 
519 
RWANDA 13 7 7 2 1 
 
30 
SAO TOME 
 
5 2 
   
7 
SENEGAL 16 13 29 18 
  
76 
SIERRA LEONE 2 5 4 3 
  
14 
SOUTH SUDAN  
   
4 
  
4 
SWAZILAND 
 
17 38 
   
55 
TANZANIA 
 
1 148 18 
  
167 
TCHAD 9 26 55 9 1 
 
100 
TOGO 
 
5 8 27 
  
40 
UGANDA 29 39 17 27 
  
112 
ZAMBIA 2 24 67 10 
  
103 
ZIMBABWE 5 13 40 5 1  64 
Grand Total 902 1165 1702 456 317 2 4544 
Table 2: Distribution of prevalence categories per country sourced from JRSM 2016 
applications pre validation process. 
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Chart 1: distribution of prevalence categories for pre validated data. 
 
Country 0 1 2 3 4 U Grand 
Total 
ANGOLA 7 1 
  
153 
 
161 
BENIN 7 23 35 4 8 
 
77 
BOTSWANA 
 
6 9 9 
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4 30 6 30 
 
70 
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45 
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SENEGAL 3 12 25 16 20 
 
76 
SIERRA LEONE 3 6 5 
   
14 
SOUTH SUDAN  
     
4 4 
SWAZILAND 
 
17 39 
   
56 
TANZANIA 
 
33 103 1 29 1 167 
TCHAD 13 17 45 5 20 
 
100 
TOGO 
     
40 40 
UGANDA 20 33 52 3 4 
 
112 
ZAMBIA 7 27 35 5 29 
 
103 
ZIMBABWE 5 6 15 25 13  64 
Grand Total 936 1172 1086 246 1020 108 4568 
Table 3: Distribution of prevalence categories per country post validation adjustments using 
real prevalence data. 
 
Chart 2: distribution of prevalence categories post validation. 
 
 
 
 
 
 
 
Pill and Cost Prediction: 
Data for 36 countries were used to predict the number of pills needed for both SAC and 
adults and their associated pill costs. Tables 4 reflects the number of pills needed the cost of 
these pills. 
Population 2016 2017 2018 2019 2020 
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Both SAC 
and Adults 
Pills 533,472,223 272,664,899 594,479,850 287,702,101 595,642,674 
Both SAC 
and Adults 
Cost $58,681,944.58 $29,993,138.93 $65,392,783.48 $31,647,231.12 $65,520,694.11 
SAC Pills 171,625,598 101,673,312 212,403,833 106,712,171 191,492,696 
SAC Cost $18,878,815.77 $11,184,064.33 $23,364,421.65 $11,738,338.85 $21,064,196.59 
Adult Pills 361,838,646 171,106,138 382,193,373 181,110,162 404,273,155 
Adult Cost $39,792,937.13 $18,812,132.98 $42,031,495.13 $19,912,102.34 $44,473,490.14 
Average SAC 
Pills per year 
over 5 years 156,781,522     
Average 
Adult Pills per 
year over 5 
years 300,104,295     
Average Total 
Pills per year 
over 5 years 456,792,349     
Average Total 
Costs per 
year over 5 
years $50,247,158.44     
 
Table 4: Number of pills and cost of pills for SAC, Adult and both populations per year, 2016 
– 2020 using prevalence-validated and non-validated data from JRSM applications with 5 
year averages. 
The number of pills required per year fluctuated when treatment schedules, which took into 
consideration the prevalence categories, were applied. The number of pills needed for SAC 
varied between a maximum of 212,403,833 pills in 2018 and a minimum of 101,673,312 pills 
in 2017. For adults it varied between a maximum of 404,273,155 in 2020 and a minimum of 
171,106,138 pills in 2017. Table 5 shows total number of pills needed per year per country 
for both SAC and Adult populations. Table 6 shows the number of pills needed per year per 
country for SAC and Table 7 shows the same for Adults. 
Countries 2016 2017 2018 2019 2020 
ANGOLA 22,138,769 4,700,038 23,532,648 172,049 29,985,434 
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BENIN 8,438,574 3,223,859 8,918,272 1,526,607 11,309,986 
BOTSWANA 2,434,534 1,249,767 2,452,954 1,363,035 2,538,947 
BURKINA FASO 27,258,564 2,850,075 30,194,533 3,014,258 30,489,566 
BURUNDI 12,837,194 0 10,456,823 3,305,762 11,128,136 
CAMEROUN 11,934,676 871,379 16,142,204 926,242 13,266,514 
CAR 355,749 559,663 930,550 582,045 255,210 
COTE D'IVOIRE 1,580,178 14,667,557 5,633,959 15,377,588 1,731,324 
ERITREA 754,552 1,105,209 802,060 0 2,033,865 
ETHIOPIA 30,572,109 26,528,478 15,808,762 44,657,816 16,625,288 
GHANA 31,721,643 14,004,663 33,087,377 6,266,311 42,853,214 
GUINEE 7,129,415 3,411,086 12,035,745 3,586,570 7,881,831 
KENYA 6,711,913 11,387,276 0 19,267,494 0 
MADAGASCAR 26,329,420 14,295,951 27,819,096 12,109,905 32,387,945 
MALAWI 29,510,610 4,637,569 31,216,684 3,724,442 34,202,627 
MALI 0 0 7,041,734 0 0 
MAURITANIE 912,349 4,806,983 817,576 5,188,867 858,128 
MOZAMBIQUE 21,940,083 43,420,307 22,716,611 45,919,110 23,852,304 
NIGER 27,909,026 0 35,566,362 0 32,461,657 
NIGERIA 81,830,652 3,413,606 115,438,794 3,606,040 91,316,754 
RDC 40,535,852 20,007,912 42,770,992 3,991,466 62,249,057 
RWANDA 8,160,143 3,681,706 8,613,445 1,666,687 11,311,469 
SAO TOME 330,532 0 304,560 36,430 313,703 
SENEGAL 10,193,078 3,209,375 12,503,743 3,404,699 11,455,483 
SIERRA LEONE 0 4,133,184 1,460,243 4,290,052 0 
SOUTH SUDAN  1,584,637 1,648,339 1,714,602 1,783,529 1,855,227 
SWAZILAND 251,757 1,734,956 51,977 1,997,470 53,537 
TANZANIA 5,140,408 59,378,772 1,497,652 67,052,504 1,589,476 
TCHAD 19,586,405 2,250,129 18,180,588 4,981,621 19,237,021 
TOGO 10,974,673 7,962,553 11,021,845 8,858,204 11,566,700 
UGANDA 44,201,299 2,926,205 54,381,995 3,114,293 50,291,440 
ZAMBIA 20,254,092 1,418,522 18,466,760 4,696,865 19,255,677 
ZIMBABWE 16,134,116 8,718,058 19,569,632 9,204,816 17,976,390 
GABON 80,602 0 0 84,854 0 
LIBERIA 1,878,841 461,724 1,520,394 1,408,814 1,810,936 
CONGO 574,457 0 981,972 0 635,331 
GRAND TOTAL 533,472,223 272,664,899 594,479,850 287,702,101 595,642,674 
 
Table 5: Number of pills needed per country, per year for both SAC and Adults 2016 – 2020 
using prevalence-validated and non-validated data from JRSM applications. (**Zero values 
are a result of endemicity as well as treatment schedule. Please see table 10 for treatment 
schedule) 
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Countries 2016 2017 2018 2019 2020 
ANGOLA 6,767,301 4,587,655 7,193,377 52,591 12,617,426 
BENIN 2,677,697 2,238,252 2,829,913 484,418 4,875,448 
BOTSWANA 324,087 136,837 268,575 209,377 277,991 
BURKINA FASO 8,619,045 937,642 10,481,255 991,656 9,640,675 
BURUNDI 5,826,751 0 2,996,320 3,305,762 3,188,679 
CAMEROUN 3,376,308 246,514 7,119,046 262,035 3,753,083 
CAR 73,274 173,795 761,358 180,746 79,251 
COTE D'IVOIRE 419,231 3,745,848 4,418,756 3,927,422 459,331 
ERITREA 232,889 1,105,209 247,552 0 1,444,445 
ETHIOPIA 16,592,844 8,031,507 1,107,464 25,205,472 1,164,665 
GHANA 3,098,596 8,433,448 3,232,002 455,235 11,712,455 
GUINEE 0 0 4,539,557 0 0 
KENYA 6,711,913 3,435,818 0 10,885,760 0 
MADAGASCAR 7,354,754 6,141,855 7,770,874 3,494,462 11,205,427 
MALAWI 8,145,451 1,850,669 8,616,357 776,424 10,295,725 
MALI 0 0 7,041,734 0 0 
MAURITANIE 376,797 1,149,108 255,460 1,349,560 268,131 
MOZAMBIQUE 7,096,345 13,629,695 7,130,775 14,639,267 7,487,271 
NIGER 6,378,440 0 12,346,007 0 7,418,916 
NIGERIA 19,781,524 952,557 49,891,780 1,006,256 22,074,669 
RDC 12,861,478 17,425,290 13,570,658 1,266,439 31,438,621 
RWANDA 1,931,346 2,571,168 2,038,634 494,458 4,371,422 
SAO TOME 115,411 0 82,981 36,430 85,472 
SENEGAL 3,191,770 1,004,955 5,081,545 1,066,117 3,587,068 
SIERRA LEONE 0 798,005 1,460,243 828,292 0 
SOUTH SUDAN  576,532 599,708 623,817 648,894 674,979 
SWAZILAND 212,757 406,771 11,805 629,411 12,160 
TANZANIA 4,078,179 13,503,638 370,296 18,396,448 392,999 
TCHAD 8,835,615 842,559 6,807,703 3,504,326 7,203,284 
TOGO 3,972,571 2,654,181 3,673,947 3,290,235 3,855,565 
UGANDA 14,779,465 984,934 22,998,430 1,048,072 16,814,899 
ZAMBIA 9,466,862 534,744 7,092,150 3,763,766 7,258,862 
ZIMBABWE 6,260,557 3,409,812 9,149,045 3,600,193 6,978,071 
 NAMIBIA 683,719 0 192,842 535,653 201,190 
GABON 80,602 0 0 84,854 0 
LESOTHO 0 0 0 0 0 
LIBERIA 574,318 141,138 464,749 292,138 487,324 
CONGO 151,173 0 536,825 0 167,192 
GRAND TOTAL 171,625,598 101,673,312 212,403,833 106,712,171 191,492,696 
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Table 6: Number of pills needed per country per year for SAC, 2016 – 2020 using 
prevalence-validated and non-validated data from JRSM applications. (**Zero values are a 
result of endemicity as well as treatment schedule. Please see table 10 for treatment schedule) 
 
Countries 2016 2017 2018 2019 2020 
ANGOLA 15,371,468 112,383 16,339,271 119,458 17,368,008 
BENIN 5,760,877 985,607 6,088,359 1,042,188 6,434,538 
BOTSWANA 2,110,447 1,112,930 2,184,378 1,153,658 2,260,956 
BURKINA FASO 18,639,519 1,912,433 19,713,278 2,022,602 20,848,892 
BURUNDI 7,010,443 0 7,460,504 0 7,939,457 
CAMEROUN 8,558,368 624,865 9,023,157 664,207 9,513,431 
CAR 162,686 385,868 169,192 401,300 175,958 
COTE D'IVOIRE 1,160,947 10,921,709 1,215,203 11,450,166 1,271,994 
ERITREA 521,664 0 554,508 0 589,420 
ETHIOPIA 13,979,265 18,496,971 14,701,297 19,452,344 15,460,623 
GHANA 28,623,047 5,571,215 29,855,375 5,811,076 31,140,759 
GUINEE 7,129,415 3,411,086 7,496,188 3,586,570 7,881,831 
KENYA 0 7,951,458 0 8,381,734 0 
MADAGASCAR 18,974,666 8,154,097 20,048,222 8,615,442 21,182,519 
MALAWI 21,365,159 2,786,901 22,600,327 2,948,017 23,906,903 
MALI 0 0 0 0 0 
MAURITANIE 647,364 3,772,425 679,473 3,959,538 713,175 
MOZAMBIQUE 14,843,739 29,790,613 15,585,836 31,279,843 16,365,033 
NIGER 21,530,587 0 23,220,356 0 25,042,741 
NIGERIA 62,049,128 2,461,048 65,547,013 2,599,785 69,242,085 
RDC 27,674,374 2,582,621 29,200,334 2,725,026 30,810,436 
RWANDA 6,228,797 1,110,537 6,574,812 1,172,229 6,940,047 
SAO TOME 215,121 0 221,579 0 228,231 
SENEGAL 7,001,309 2,204,420 7,422,198 2,338,582 7,868,415 
SIERRA LEONE 0 3,335,179 0 3,461,761 0 
SOUTH SUDAN  1,008,105 1,048,631 1,090,786 1,134,635 1,180,248 
SWAZILAND 39,000 1,328,185 40,171 1,368,059 41,377 
TANZANIA 1,062,229 45,875,134 1,127,356 48,656,056 1,196,477 
TCHAD 10,750,790 1,407,570 11,372,884 1,477,295 12,033,738 
TOGO 7,002,102 5,308,372 7,347,899 5,567,969 7,711,135 
UGANDA 29,421,834 1,941,272 31,383,565 2,066,221 33,476,541 
ZAMBIA 10,787,229 883,777 11,374,610 933,099 11,996,814 
ZIMBABWE 9,873,559 5,308,246 10,420,587 5,604,623 10,998,319 
GABON 0 0 0 0 0 
LESOTHO 0 0 0 0 0 
LIBERIA 1,304,523 320,586 1,055,645 1,116,676 1,323,611 
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CONGO 423,284 0 445,147 0 468,139 
GRAND TOTAL 361,838,646 171,106,138 382,193,373 181,110,162 404,273,155 
Table 7: Number of pills needed per country per year for Adults, 2016 – 2020 using 
prevalence-validated and non-validated data from JRSM applications. (**Zero values are a 
result of endemicity as well as treatment schedule. Please see table 10 for treatment schedule) 
Countries 2016 2017 2018 2019 2020 
ANGOLA $1,690,861.5
1 
$12,362.09 $1,797,319.8
4 
$13,140.42 $1,910,480.8
9 
BENIN $633,696.48 $108,416.79 $669,719.45 $114,640.71 $707,799.16 
BOTSWANA $232,149.17 $122,422.26 $240,281.58 $126,902.37 $248,705.13 
BURKINA 
FASO 
$2,050,347.1
2 
$210,367.64 $2,168,460.5
6 
$222,486.20 $2,293,378.1
1 
BURUNDI $771,148.78 $0.00 $820,655.42 $0.00 $873,340.32 
CAMEROUN $941,420.52 $68,735.13 $992,547.31 $73,062.76 $1,046,477.3
7 
CAR $17,895.44 $42,445.49 $18,611.11 $44,142.97 $33,059.30 
COTE 
D'IVOIRE 
$127,704.22 $1,201,387.9
6 
$133,672.30 $1,259,518.2
9 
$139,919.29 
ERITREA $57,383.00 $0.00 $60,995.89 $0.00 $64,836.25 
ETHIOPIA $1,537,719.1
3 
$2,034,666.8
1 
$1,617,142.7
1 
$2,139,757.8
6 
$1,700,668.5
4 
GHANA $3,148,535.2
1 
$612,833.65 $3,284,091.2
7 
$639,218.40 $3,425,483.5
2 
GUINEE $784,235.60 $375,219.49 $824,580.73 $394,522.72 $867,001.42 
KENYA $0.00 $874,660.36 $0.00 $921,990.76 $0.00 
MADAGASC
AR 
$2,087,213.2
5 
$896,950.63 $2,205,304.4
5 
$947,698.67 $2,330,077.0
7 
MALAWI $2,350,167.5
1 
$306,559.06 $2,486,035.9
8 
$324,281.92 $2,629,759.3
1 
MALI $0.00 $0.00 $0.00 $0.00 $0.00 
MAURITANI
E 
$61,896.05 $405,424.63 $64,966.10 $425,533.79 $68,188.44 
MOZAMBIQ
UE 
$1,632,811.2
4 
$3,276,967.4
0 
$1,714,441.9
3 
$3,440,782.7
4 
$1,800,153.6
7 
NIGER $2,368,364.5
3 
$0.00 $2,554,239.1
1 
$0.00 $2,754,701.5
4 
NIGERIA $6,825,404.0
6 
$270,715.31 $7,210,171.4
7 
$285,976.30 $7,616,629.3
1 
RDC $3,044,181.1
0 
$284,088.32 $3,212,036.7
6 
$299,752.91 $3,389,147.9
5 
RWANDA $685,167.69 $122,159.11 $723,229.28 $128,945.14 $763,405.21 
SAO TOME $23,663.27 $0.00 $24,373.69 $0.00 $25,105.43 
SENEGAL $770,143.95 $242,486.21 $816,441.80 $257,244.01 $865,525.67 
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SIERRA 
LEONE 
$0.00 $366,869.70 $0.00 $380,793.67 $0.00 
SOUTH 
SUDAN  
$110,891.54 $115,349.38 $119,986.43 $124,809.88 $129,827.24 
SWAZILAND $4,290.02 $146,100.30 $4,418.82 $150,486.52 $4,551.48 
TANZANIA $116,845.17 $5,046,264.7
5 
$124,009.18 $5,352,166.1
8 
$131,612.44 
TCHAD $1,182,586.8
8 
$154,832.70 $1,251,017.2
9 
$162,502.44 $1,323,711.1
4 
TOGO $770,231.18 $583,920.87 $808,268.84 $612,476.62 $848,224.87 
UGANDA $3,236,401.7
5 
$213,539.89 $3,452,192.1
1 
$227,284.36 $3,682,419.5
0 
ZAMBIA $1,186,595.2
1 
$97,215.51 $1,251,207.0
7 
$102,640.84 $1,319,649.5
9 
ZIMBABWE $1,086,091.5
1 
$583,907.05 $1,146,264.5
2 
$616,508.53 $1,209,815.0
4 
GABON $0.00 $0.00 $0.00 $0.00 $0.00 
LESOTHO $0.00 $0.00 $0.00 $0.00 $0.00 
LIBERIA $143,497.53 $35,264.49 $116,120.95 $122,834.36 $145,597.25 
CONGO $46,561.25 $0.00 $48,966.15 $0.00 $51,495.27 
GRAND 
TOTAL 
$39,792,937.
13 
$18,812,132.
98 
$42,031,495.
13 
$19,912,102.
34 
$44,473,490.
14 
Table 8: Cost of pills for Adults per year, per country, 2016 – 2020 using prevalence-
validated and non-validated data from JRSM applications. (**Zero values are a result of 
endemicity as well as treatment schedule. Please see table 10 for treatment schedule) 
PCT History:  
PCT history for each country was extracted from the PCT databank on the WHO website. For 
each year the national coverage of PCT was recorded. Though the some countries started 
their PCT programmes as far back as 2006, the overall national coverage was very small, 
Nigeria started with a 0.14% national programme coverage in 2006 and worked its way up to 
11% in 2014. 9 countries are yet to start any PCT programme in their countries. These are 
evident in table 9. 
Countries 200
6 
200
7 
200
8 
200
9 
201
0 
2011 201
2 
201
3 
201
4 
201
5 
Angola 
        
14.4 9.1 
Benin 
  
0.69 
 
16.1
1 
 
0.06 5.14 47.2 45.
7 
Botswana 
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Burkina Faso 24.5
4 
6.39 28.3
6 
23.1
9 
100 82.4 79.6 96.4 62.4 94.
5 
Burundi 
    
63.3
9 
43.6 43.6 
 
46 24.
8 
Cameroon 1.09 3.78 
 
5.28 11.0
5 
17.19 21.6
6 
10.0
4 
56.8 56.
8 
CAR 
   
4.45 26.4
4 
 
30.0
6 
7.83 9.4  
Chad 
         
 
Cote D'ivoire 
   
0.06 
  
16.8
8 
 
36.1 10.
8 
DRC 
        
11.9 12 
Equatorial Guinea 
         
 
Eritrea 
        
17.7 15.
3 
Ethiopia 
       
4.52 7.6 28.
8 
Gabon 
         
 
Gambia 
         
 
Ghana 
  
2.6 1.3 27.3
7 
21.35 29.7
8 
 
19.7 26.
5 
Guinea 
      
33.5
5 
  
 
Guinea Bissau 
         
38.
5 
Kenya 
       
15.5
2 
23.5 20.
7 
Lesotho 
         
 
Liberia 
      
30.9
4 
28.9
6 
 
 
Madagascar 
  
6.85 5.26 13.6
6 
6.73 2.9 15.4
5 
26.5 17.
9 
Malawi 
  
0.1 6.11 26.3
6 
31.54 43.1 
 
56.9  
Mali 11.0
8 
4.77 25.0
9 
15 73.5 42.88 41.9
6 
70.4 9.2 65.
7 
Mauritania 
 
0.62 
  
27.2 
 
22.9
5 
9.59 
 
21.
2 
Mozambique 
 
2.87 
  
3.8 13.62 9.77 28.0
9 
42.0
9 
 
Namibia 
         
 
Niger 15.3
4 
12.2
6 
11.3
6 
12.3
9 
51.1 23.06 78.4
5 
42.3
8 
92.4 54.
7 
Nigeria 0.14 0.09 0.75 0.82 3.97 2.72 5.36 5.91 11 31.
3 
Rep of Congo 
        
2 54.
9 
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Rwanda 
  
20.0
9 
27.5
7 
  
15.8
3 
24.7
4 
7.6 12.
7 
Sao Tome and 
Principe 
         
72 
Senegal 0.11 
  
3.33 14.2
4 
 
29 42.3
4 
51.2 55.
7 
Sierra Leone 
   
11.2
2 
99 100 98.9
1 
93.2 
 
100 
South Africa 
         
 
South Sudan 
     
TBC 
   
 
Swaziland 
 
13.2
5 
11.4
4 
6.41 
     
 
Tanzania 
 
7.79 
 
0.64 15.9
6 
113.8
2 
30.9
2 
27.5
9 
27.3 27.
3 
Togo 
    
44.7
9 
78.16 93.3
9 
94.8 54 76.
1 
Uganda 1.89 
 
5.86 12.7
2 
32.8
7 
17.63 18.6 
 
26 36.
2 
Zambia 3.64 
   
2.96 
    
19.
8 
Zimbabwe 
      
33.0
5 
48.9 48.0
9 
63.
6 
Table 9: PCT national coverage history per country 2006 – 2015 sourced from the WHO PCT 
Databank. (***Blank values indicate no treatment recorded on the WHO PCT Databank 
only) 
Due to countries starting their PCT programmes at different times, it was necessary to create 
a treatment matrix which indicates when each country will be treating which district based off 
levels of endemicity. Table 10 shows this treatment schedule. 
Endemicity 
Category 
Year of 
Treatment 
PCT Year 
Starting 
PCT Year 
Starting 
PCT Year 
Starting 
PCT Year 
Starting 
PCT Year 
Starting 
Cat 1 2016 2007 2010 2013 
  
  2017 2008 2011 2014 
  
  2018 2006 2009 2012 
  
  2019 2007 2010 2013 
  
  2020 2008 2011 2014 
  
Cat 2 2016 2006 2008 2010 2012 2014 
  2017 2007 2009 2011 2013  2015 
  2018 2006 2008 2010 2012 2014 
  2019 2007 2009 2011 2013  2015 
  2020 2006 2008 2010 2012 2014 
Table 10: treatment schedule based off first year of PCT. 
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Discussion 
The validation of JRSM 2016 application prevalence data was heavily influenced by the 
availability of prevalence data. Though all 38 countries provided prevalence data to assist 
with the validation, significant gaps in the available district data made it difficult to deduce a 
complete image for most countries. Though 30 countries had mostly complete datasets with 
less than 20% of districts missing data, 6 countries provided data which was missing between 
20% and 99% of districts. One key point is that though countries provided a prevalence 
category in their JRSM2016 application, they were unable to provide real prevalence to 
support these prevalence categories. The JRSM forms contain category 4 and 5 for such 
purposes which indicate that no prevalence data is available, and in the case of category 5, the 
area is known to be endemic for SCH. Though category 4 was utilized by most nations, 
category 5 was very under-utilized with only Ethiopia exercised the use of category 5 in 2 
districts.  
Pill quantities varied in the tens of millions over the years, this is mainly because the models 
took into consideration the start year for MDA interventions per country. Thus, each 
country’s predictions are based off their calculated treatment cycle. Though several factors 
may have contributed to these wide fluctuations, one key contributing factor may have been 
the quality of data used.  
Obtaining complete national coverage, or coverage above 70% for PCT programmes appears 
to be problematic. Apart from costs of drugs and logistical costs, geo-political and 
environmental factors may play significant roles in preventing accessibility and hindering 
complete national coverage. Several countries such as Mali, Niger and Burkina Faso, who 
started their PCT programmes as far back as 2006, managed to achieve national coverage of 
over 70% by 2014 are good indicators that achieving such national coverages are possible 
but may indeed take a while to build the capacity to do so. Furthermore, based on the PCT 
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schedules mentioned above in Table 19, it is essential to be able to distinguish which 
countries will be shifting their strategies for PCT from morbidity control to elimination as the 
number of pills required per country will change significantly with this shift in strategy. 
However it is essential to stress that the purpose of this document is to calculate the 
demand of PZQ for morbidity control only. Elimination targets and strategies were not 
examined. It is suggested that future studies examining elimination targets, strategies and 
drug demand predictions be undertaken as international efforts begin to shift towards 
MDAs for elimination rather than morbidity control. 
Finally, based on the drug predictions for SAC, it appears that the 250 million pills donated 
by Merck may be insufficient for years 2016 – 2020, especially when the at-risk adult 
populations are considered.  
Recommendations 
It is recommended that a new protocol be drafted to assist countries with accurately filling in 
the JRSM application forms. It is also recommend that real prevalence be entered in the 
JRSM form to support the categorical prevalence variables as to minimize discrepancies 
between the categorical prevalence and the real prevalence of districts. 
Furthermore, it is highly recommended that countries apply and follow treatment cycles 
based off the prevalence categories as these categories ensure a cost-effective and efficient 
delivery system to endemic districts. 
Finally, an increase in the quantity of pills donated is also highly recommended in order to 
treat all at risk populations in endemic countries 
Conclusions 
Estimations of prevalence categories is problematic as it will lead to unsustainable and 
economically ineffective drug procurement which will leave many countries at a 
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disadvantage. Due to fluctuations and discrepancies between the real prevalence and 
categorical prevalence provided by countries in their JRSM application forms, it is highly 
recommended that countries provide real prevalence data for each district that they require 
PCT for. Finally, an increase in the donated quantity of drugs is essential in order to treat all 
at risk populations, including high risk adults.  
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